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PREFACE 


A  Specialists’  Meeting  on  Helicopter  Propulsion  Systems  was  held  in  Toulouse,  France, 
during  the  week  of  1 1  th  May  1981 .  This  meeting  was  the  57th  conducted  by  the  AGARD 
Propulsion  and  Energetics  Panel.  The  objective  was  to  bring  together  those  individuals  whe 
have  made  significant  contributions  to  the  field  and  to  promote  dialogue  on  subjects  related 
to  component  teclmology  for  turhoshaft  engines  and  transmissions,  inlet  protection  systems, 
engine-airframe  dynamic  comp;  rility,  and  future  requirements.  This  meeting  was  held  in 
parallel  with  a  Fluid  Dynamics  Panel  Symposium  on  Aerodynamics  of  Powerplant 
Installations.  The  meeting  site  was  the  Ecole  Nationale  Supdrieure  de  l’Adronautique  et  de 
l’Espace,  Complexe  Adrospatial  de  Lespinet. 

The  Technical  Evaluation  Report  (TER)  for  the  Helicopter  Propulsion  Systems 
meeting  was  prepared  by  Mr  Warner  L. Stewart,  Director  of  Technical  Services,  NASA-Lewis 
Research  Center,  Cleveland,  Ohio.  Mr  Stewart’s  TER  is  a  very'  complete  summary  of  the 
meeting  and  will  serve  as  a  basis  for  future  meetings  on  helicopter-related  technologies. 

The  program  committee  appreciates  the  support  given  by  the  local  coordinator  and  is 
pleased  to  have  had  the  opportunity  to  hold  the  57th  meeting  at  such  excellent  facilities 
in  Toulouse.  In  addition,  the  summary  and  TER  provided  by  Mr  Stewart  are  gratefully 
acknowledged.  His  work  in  support  of  the  Propulsion  and  Energetics  Panel  has  been 
valuable  in,  high  lighting  areas  in  need  of  incieaseu  auention. 


JOHN  ACURIO 
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TECHNICAL  EVALUATION  REPORT 


by 

Warner  1. Stewart 
NASA  L  ewis  Research  Center 
Cleveland,  Ohio,  USA 


J.  INTRODUCTION 

The  helicopter  emerged  upon  the  aviation  scene  approximately  30  years  behind  fixed  wing  aircraft.  Although  it 
found  sonic  use  during  World  War  11,  it  was  during  the  Korean  War  that  large  numbers  of  helicopters  were  built.  Since 
then  an  increased  number  and  types  have  emerged  -  to  a  point  where,  at  the  present  time,  it  plays  a  significant  role  in 
both  military  and  civil  applications.  Although  in  the  past  most  helicopters  were  designed  for  military  use,  many  designed 
specifically  for  civil  or  combined  uses  arc  emerging  -  responding  to  new  needs  for  such  an  aircraft  (off-shore  oil,  logging, 
etc.). 

The  significant  improvements  in  helicopters  have  been  paced  by  advancements  in  the  propulsion  system,  including 
both  the  engine  and  power  transmission.  Indeed,  the  advent  of  the  gas  turbine  engine  revolutionized  the  helicopter  much 
to  the  same  extent  as  it  did  for  the  fixed  wing  aircraft.  Its  unique  features  of  high  power  to  weight  ratio  and  reliability 
have  resulted  in  it  being  used  almost  exclusively  in  present  helicopters. 

Although  the  modem  helicopter  and  its  associated  propulsion  system  is  highly  sophisticated,  many  problems  still 
persist.  In  addition,  new  requirements  are  demanding  still  further  improvements  in  the  technology  of  engines  and  trans¬ 
missions.  For  these  reasons  -  and  the  fact  that  the  NATO  community  is  depending  upon  the  helicopter  to  increased 
degrees  for  both  civil  and  military  uses  it  was  very  appropriate  for  the  AGARD  Propulsion  and  Energetic  Panel  to 
sponsor  the  subject  Specialists’  Meeting.  The  objectives  were  to  provide  a  forum  for  discussion  of  current  technical 
problems  facing  this  sector,  new  requirements  tequiring  advanced  technology,  as  well  as  some  of  the  new  and  emerging 
technologies  of  interest  for  this  application. 

2,  SESSION  CONTENT 

The  Helicopter  Propulsion  Systems  Specialists’  Meeting  was  divided  into  six  sessions  with  a  total  of  25  papers 
planned.  Three  wore  withdrawn,  with  22  papers  actually  presented.  The  Table  of  Contents  includes  those  papers 
pi'  sented  by  session  number  For  purposes  of  this  review,  the  order  of  grouping  of  these  papers  has  been  modified  in 
order  to  better  group  them  from  a  subject  matter  standpoint.  These  ten  groupings  will  be  briefly  reviewed  in  relation  to 
the  mceling  objectives. 

General  Interest  Two  contributions  were  made  of  more  general  interest  and  nontechnical  in  content. 

-  A  film  was  presented  describing  the  pioneering  efforts  of  Italy's  C'orrailino  d’Ascanio  in  piloting  the  first  success¬ 
fully  controlled  helicopter  in  1 930. 

Paper  No.  15,  by  D .Bert (unit  (Fr),  described  helicopter  development  in  France,  lie  described  this  in  terms  of  three 
generations  or  eras  in  helicopter  evolution  piston,  turboshaft  and  maturity.  lie  pointed  out  that  France  now 
lias  15  per  cent  of  the  world  market  through  such  aircraft  as  the  Dauphin  11.  Super  Puma,  and  Fcureuil.  He  ended 
on  an  optimistic  note  commenting  on  the  increased  emphasis  in  civil  and  multipurpose  use  as  well  as  foreseeing 
increased  collaborative  effoits  amongst  tuc  Europeans 

Surveys  Three  papers  were  presented  projecting  a  look  into  the  future  from  the  view  of  three  countries. 

Paper  No.  1  by  (1. Holbrook  (US),  was  the  keynote  address  looking  at  the  past,  present,  and  future  of  helicopter 
propulsion.  Issues  for  the  fu’ure  identified  in  this  excellent  paper  included  reliability,  fuel  consumption,  life 
cycle  cost,  and  emergency  power  rating.  These  issues  became  themes  to  be  repeated  many  times  throughout  tire 
meeting.  The  paper  also  presented  some  aggressive  projections  for  the  future  and  challenged  the  engineering 
community  to  make  it  happen. 

-  Paper  No. 4,  by  M. Paramour  and  M  Sapsard  (UK),  paralleled  the  keynote  speech  but  with  major  emphasis  on 
military  issues.  The  paper  identified  environmental  hazards,  range  and  endurance,  life  cycle  costs,  and  flexible  use 


of  ratings  as  major  concerns  lyi  tlu'  future  It  also  concluded  that,  Im  their  applications,  environmental  resistance 
and  low  cost  of  ownership  w  ould  be  of  greater  importance  than  higher  performance 

Paper  No. 25.  by  II.Hrce  and  G.llackmann  (GF),  also  related  principally  to  military  missions.  It  dcseijbcd  mission 
needs  and  related  them  to  propulsion  requirements.  It  pointed  out  that  two-engine  aireralt  would  probably  be 
required  front  the  standpoint  of  flight  training  It  also  commented  on  the  impact  of  dwindling  resources  (fuel, 
and  strategic  materials)  on  the  design  of  future  engines  It  also  emphasized  the  overriding  importance  ot  lile  cycle 
cost  (including  butli  procurement  and  ownership  aspects)  for  the  German  military  missions. 

Development  History  1  wo  papers  documented  some  of  the  experiences  gained  in  recent  development  programs. 

-  Paper  No. 2,  by  J. Fresco  (FR),  reviewed  procedures  used  to  satisfy  certification  and  airworthiness  requirements 
for  the  Makila  engine  used  in  the  Super  Puma.  Topics  covered  included  simulation  testing  ol  control  responses, 
endurance  testing  and  salt  corrosion  qualification  testing. 

-  Paper  No. 3,  by  C  .Crawford  and  W.Crawford  (US),  discussed  lessons  learned  during  the  T700  development 
program.  The  two  part  paper  first  covered  the  wide  range  of  requirements  placed  on  this  engine  to  meet  the  US 
Army  needs.  The  second  part  then  described  how  successful  the  O.F.  development  program  was  in  meeting  these 
requirements.  Its  success  was  pointed  out  to  be  the  result  of  a  full  test  program  during  development,  extensive 
service  testing,  and  time  to  make  fixes  before  committing  the  engine  to  production. 

Iingine  Component  Technology  Three  excellent  papers  were  presented  directed  at  technology  developments  for  small 
gas  turbine  engine  components. 

-  Paper  No. 8.  by  J  Schrader  and  W.Sehncidcr  (US),  dwelt  principally  on  advancements  in  the  aerodynamic 
components  and  discussed  higher  pressure  ratio  compressors  with  fewer  number  of  stages,  advanced  reverse  flow 
combustors  offering  reduced  emissions,  and  cooled  small  axial  turbine  stages. 

-  Paper  No.5,  by  J.Dominy  and  K.Hart  (UK),  concentrated  on  components  for  power  transmission  systems 
including  bearing  and  engine  gearing  technology  and  then  internal  air  systems  including  turbine  blade  and 
nozzle  vane  cooling  together  witlt  disc  sealing  and  cooling. 

-  Paper  No. 24.  by  C.Walker,  G.Weden  and  J.Zuk  (US),  complemented  the  above  two  papers  by  touching  on  all  of 
the  areas  involved.  Subjects  covered  included  LDV  systems  for  flow  mapping,  felt  ceramic  combustor  liners, 
variable  area  radial  turbines,  and  spiral  groove  lift-off  seals. 

The  above  papers  emphasized  challenges  to  the  designci  to  coniront  I  Mo  detrimental  effect  of  reduced  size  on  the 
performance  and  mechanical  integrity  of  components  for  lower  power  turboshaft  engines.  They  also  highlighted  the  role 
and  importance  ol  advanced  computational  methods  in  the  design  and  analysis  of  these  advanced  components. 

Preliminary  Development  -  Two  complementary  papers  were  presented  representing  some  of  the  early  development 
activities  in  Lurope  in  relation  to  a  medium  size  advanced  turboshaft  engine. 

-  Paper  No. 6,  by  J.Hourmouziadis  and  II.Krciner  (GF).  presented  MTU's  part  of  the  activity,  looking  at  a  900  k\v 
unit.  Tne  paper  was  in  two  parts.  The  first  concerned  itself  with  configuration  selection  working  from  a  base  to 
a  considerably  more  simplified  arrangement.  Cycle  pressure  ratio  ol  12  was  selected  as  the  optimum  when 
considering  related  losses.  The  second  part  then  described  some  of  the  related  component  activities.  The  key 

to  success  was  viewed  as  being  a  combination  of  good  analytical  tools,  component  test  first,  and  then  verification 
in  engines. 

-  Paper  No. 7,  by  M.Giraud  and  ll.Loustalct  (FR),  described  their  part  of  this  program  and,  in  a  manner  similar  to 
the  previous  paper,  included  fwo  parts.  The  first  described  the  interactive  nature  of  “architecture  ,  component 
geometry,  and  cycle.  The  study  started  with  the  simplest  of  architecture  but  moved  close  to  the  German 
geometry  when  cycle  considerations  (SFC)  were  considered.  The  paper  also  described  related  component 
activities.  The  conclusions  emphasized  the  importance  ol  the  integration  of  the  three  considerations  described 
above,  and  also  pointed  out  the  requirement  of  collaborative  development  efforts. 

Alternative  Fngine  Cycles  Although  several  papers  touched  on  this  subject,  one  was  exclusively  devoted  to  it. 

-  Paper  No  9,  by  ll.Grieb  and  W.KIussinunn  (GF),  re-examined  tire  potential  of  the  recuperated  engine  with 
emphasis  on  military  missions.  It  was  pointed  out  that  such  a  cycle  is  favourable  when  extensive  operation  at 
low  “mean”  power  is  utilized.  Several  layouts  were  presented  and  a  reasonable  potential  was  shown  in  terms  of 
both  weight  (including  fuel)  and  life-cycle  costs. 

Transmission  Considerations  -  Three  excellent  papers  spotlighted  the  importance  ot  helicopter  power  transmission  and 
covered  a  range  of  subjects  from  research  to  technology  to  development. 

-  Paper  No.  10,  by  H.Shotter  (UK).  was  a  fundamental  paper  dealing  with  lubrication  breakdown  between  meshing 
gear  teeth.  Its  intention  was  to  give  a  feel  for  the  physics  of  wear  initiation  including  scuffing  and  mieropitting 
—  concentrating  on  the  sources  of  damage.  Illustrative  photos  were  included  together  with  sketches  to  show 
contact  history  in  relation  to  film  wedge  buildup  and  breakdown. 
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-  Paper  No.l  1 ,  by  K. Rosen  and  ILI'rint  (US),  covered  (wo  technology  programs.  The  first  considered  high  contact 
ratio  gearing  and  included  descriptions  of  both  the  advantages  of  this  type  of  gearing  as  well  as  attending 
problems.  The  second  part  then  highlighted  progress  made  in  exploring  the  potential  of  a  fabricated  stainless 
steel  transmission  housing.  Comments  on  recommended  fuluic  transmission  RNT  were  also  included. 

Paper  No.l  2,  by  A.Garavagliu  and  G.Gallmoni  (IT),  discussed  the  design  criteria  for  the  A 1 29  helicopter  drive 
system.  The  paper  showed  some  ot  the  interesting  and  novel  engineering  features  included  in  that  system. 

Inlet  and  Protection  Systems  Two  very  complementary  papers  were  presented  covering  this  subject  which  is  of  extreme 
importance  to  helicopter  operations. 

-  Paper  No. 14.  by  A.Vuillct  (ER).  discussed  the  many  factors  affecting  helicopter  inlet  design  (ice,  sand,  gas 
ingestion,  pressure  distortion  and  loss.  etc.).  Comparisons  between  “static”  and  ‘‘pitof’  inlets  were  covered  at 
length  including  forward  velocity  effects  Aerodynamic  considerations  required  included  entrance  position, 
surface  area,  and  lip  thickness. 

•  Paper  No.l  7,  by  P.Bramnier  and  D.Rabone  (UK),  described  case  histories  in  the  area  of  environmental  protection. 
T.xperienccs  with  the  Sea  King  were  highlighted  with  the  various  design  modifications  to  incorporate  added 
protection  against  the  elements  described.  A  similar  discussion  of  the  Lynx  was  included.  Proposed  protection 
for  the  T700  powered  LI110 1  was  also  included  and  indicated  to  he  very  conservative. 

Both  papers  indicated  that  the  subject  of  inlet  protection  is  a  very  difficult  problem  indeed  and  must  be  considered 
as  an  important  f  tor  in  the  beginning  of  development  to  insure  success. 

Propulsion/ Airframe  Compatibility  -  Three  papers  were  presented  covering  three  important  aspects  of  this  subject. 

-  Paper  No. 20,  by  C. Albrecht  (US),  emphasized  compatibility  attention  required  due  to  the  sophistication  ot 

this  type  aircraft,  the  cost  of  correcting  problems,  as  well  as  the  myriad  of  interfaces  involved.  Several  interesting 
examples  were  cited  including  both  the  problem  and  solution.  T  he  paper  indicated  that,  to  minimize  such 
problems,  the  latest  in  technology  must  be  applied  together  with  a  strong  propulsion/airframe  company  relation¬ 
ship. 

-  Paper  No. 2 1 .  by  P.Dini  (IT),  presented  an  interesting  treatise  on  factors  affecting  engine  response  due  to  main 
rotor  transients  Engine  effects  considered  included  gyroscopic,  acceleration,  and  distortion.  Torque  input 
variations  were  described  from  such  sources  as  lift  variations  due  to  forward  velocity,  types  of  rotor  systems 
to  be  considered,  as  well  as  flight  manoeuvres. 

-  Paper  No. 22,  by  G.Genoux  and  lEMai/C  (FR),  dwelt  on  two  very  significant  aspects  of  hclicoptci  design  • 
vibration  and  noise.  It  included  two  parts.  The  first  discussed  rotor  generated  vibration  and  described  methods 
to  reduce  thir  vibration  at  the  sou  ice  as  well  as  techniques  for  reducing  its  transmission  into  the  fuselage.  The 
second  part  dealt  with  main  gear  noise  considered  the  most  significant  source  of  cabin  noise.  Factors 
considered  in  reducing  this  noise  included  gearing  redesign,  special  oils,  teduction  of  resonances  through  the 
transfer  chain,  damper  utilization,  and  sound  absorption  treatment. 

Emergency  Power  Rating  Although  touched  on  in  many  papers,  two  papers  were  devoted  exclusively  o  this  extremely 
important  and  critical  subject.  Of  course,  of  most  significance  is  the  application  to  twin-engine  instaiia'ions. 

Paper  No.  1 9.  by  J.Dediou.  M.Russier  and  ll.Pabbadie  (ER),  gave  an  approach  introducing  tile  concept  ol 
“superemergency  fating"  which  translates  into  the  utilization  of  higher  turbine  inlet  temperature  during 
emergency  use.  Engine  application  studies  were  presented  !;  show  its  atii.u  iiveness.  1  he  relation  ot  over- 
teinperatnring  to  hot  section  creep  was  then  described  together  with  a  recommended  new  appioach  to  engine 
utilization.  This  would  include  a  one-minute  limit  at  this  high  temperature  with  subsequent  engine  removal  lor 
inspection  and  possible  overhaul.  It  was  hoped  that  new  certification  procedures  employing  this  concept  would 
he  incorporated  in  the  near  future. 

Paper  No. 2d.  by  I). Lewis  (UK),  also  addressed  this  issue  head-on.  Die  paper  described  the  present  rating  system 
together  with  its  many  disadvantages.  1 1  also  introduced  the  term  “creep"  as  a  measure  of  accumulated  hot 
section  damage.  The  paper  proposed  the  introduction  of  an  engine  monitoring  system  that  would  allow  tracking 
of  this  "creep”,  (Vilification  would  then  include  power  versus  creep  information  and  would  be  used  to  gauge 
life  consumed. 


3.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  papers  presented  at  the  meeting,  in  the  Technical  Evaluator's  opinion,  wcie  very  successful  in  accomplishing 
the  objectives  outlined  at  the  beginning.  The  major  issues  and  concerns  related  to  helicopter  propulsion  were  amply 
spotlighted.  They  were  clearly  presented,  treated  from  several  viewpoints,  and  included  extensive  discussion.  In  general, 
the  papers  were  not  heavy  in  terms  of  detailed  technical  content  but  certainly  were  at  a  depth  sufficient  tor  purposes 
of  the  meeting. 


It  is  recommended  that,  for  future  meetings,  the  Propulsion  and  lincrgetii  Panel  consider  some  of  the  more  critical 
subjects  surfaced  during  the  course  of  the  inccling  and  covered  by  many  of  the  papers.  Suggested  topics  include  (lie 
following: 

-  Small  Engine  Technology  addressing  issues  of  reduced  sire  on  aerodynamics,  and  mechanical  performance,  as  well 
as  structural  integrity.  The  subject  is  important  for  applications  beyond  that  of  helicopters. 

Tiansinission  Technology  covering  such  elements  as  performance,  reliability,  vibration  and  noise.  I  xtreinely 
important  in  relation  to  increased  acceptance  of  the  helicopter  in  the  civil  market. 

-  Inlet  and  Environmental  Protection  which  has  become  so  critical  for  many  of  the  more  severe  missions 
encountered  by  this  type  vehicle. 

-  Emergency  Power  Rating  was  a  subject  brought  up  repeatedly  at  the  meeting  as  a  critical  issue  in  the  optimizing 
of  engines  for  use  in  two-engine  helicopters  (the  one-engine  out  issue).  Present  rating  systems  should  be  thoroughly 
explored  together  with  an  examination  of  all  the  potential  alternatives. 

Finally,  the  Technical  F.valuator  would  like  to  express  his  appreciation  for  the  opportunity  to  serve  in  this  capacity 
in  contributing  to  the  57th  Specialists’  Meeting  of  the  Propulsion  and  linergeties  Panel.  It  was  indeed  a  pleasure. 
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SUMMARY 

t  . 

Helicopter  propulsion  systems  are  reviewed,  and  it  is  noted  that  helicopter  development 
is  paced  to  a  major  extent  by  the  power  plant.  Power  available,  reliability,  fuel  con¬ 
sumption,  power-to-weight  ratio,  and  life-cycle  costs  are  key  parameters. 

The  application  of  emerging  technologies  such  as  microelectronics,  ceramics  and  other 
new  materials  and  approaches,  and  the  continuing  refinement  of  the  aerodynamics  and 
dynamics  of  gas  turbine  power  plants  are  discussed  and  noted  to  result  in  a  significant 
benefit  to  the  helicopter  and  its  operator. 

Important  airframe-propulsion  system  interface  requirements  are  given,  and  the  need  is 
discussed  for  new  innovative  certification  procedures  that  provide  for  emergency  opera¬ 
tion  with  acceptable  economics. 

Finally,  future  propulsion  system  capabilities  are  projected  and  their  dramatic  benefit 
for  the  helicopter  noted.  Bringing  this  about  is  the  challenge  for  propulsion  system 
specialists.  ,j 


INTRODUCTION 


A  key  element  in  the  progress  of  rotary-wing  aircraft  is  its  propulsion  system,  consid¬ 
ered  here  to  consist  of  the  engine  and  the  rotor  transmission,  together  with  their 
respective  interfaces  to  the  airframe. 

The  early  helicopters  (Figure  1  of  2)  were  powered  by  the  Otto  engine  for  the  same 
reasons  that  that  engine  wa:;  first  selected  for  fixed-wing  aircraft.  This  engine  could 
De  made  reasonably  lightweight,  had  a  low  fuel  consumption,  was  reliable  and  available 
in  a  range  of  power  outputs  that  was  adequate  for  the  needs  of  the  early  aircraft. 
However,  it  became  apparent  that  another  type  of  power  plant  would  be  needed  because  the 
limiting  power  output  per  cylinder  for  reliable  operation  of  the  Otto  engine  was  about 
115  horsepower  per  cylinder,  and  that  increasing  the  numbers  of  cylinders  beyond  eight¬ 
een  led  to  unacceptable  complexity  and  operational  problems.  With  this  type  of  engine, 
a  transmission  is  required  to  reduce  the  engine  output  speed  to  that  of  the  rotor  with 
engine/rotor  speed  ratios  of  9:1  to  12:1. 


First  U.S.  Broduction  Helicopter  First  Commercially  Certificated  Helicopter 


The  tiansmresion  was  considered  to  be  a  disadvantage  principally  because  of  weight  and 
complexity,  and  a  number  of  alternate  typec  of  power  plants  were  investigated  aimed  at 
eliminating  the  rotor  drive  transmission,  the  attendant  anti torque  system  and  the  inher¬ 
ent  power  limitation  of  the  Otto  engine.  Experiments  were  conducted  with  rotor-tip- 
mounted  low-  and  high-temperature  air  nozzles  or  pressure  jets,  ramjets,  pulse  jets,  and 
even  rockets.  Most  of  these  systems  were  built  in  a  single  rotor  configuration  and 
flown  successfully.  Figure  3  illustrates  some  of  these  early  transmissionless  machines. 


Figure  3  -  Transmissionless  Helicopters 

It  was  found  that  while  these  power  plant  weights  were  relatively  low,  the  complexity 
and  structural  problems  associated  with  delivering  compressed  air  and/or  fuel  and  elec¬ 
tricity  up  the  mast  and  out  the  rotor  blades,  the  high  centrifugal  force  field  in  which 
blade-tip-mountsd  engines  were  required  to  operate,  the  noise  they  generated,  and  their 
very  high  fuel  consumption  made  them  impractical  or,  at  least,  not  competitive  for  mis¬ 
sions  beyond  about  50  nautical  miles.  Their  fuel  consumption  ranged  from  about  four 
times  that  of  a  reciprocating  engine  for  a  hot  pressure  jet  to  a  factor  of  50  times  for 
a  rocket. 


Concurrently,  the  efficiency  and  reliability  of  the  gas  turbii  e  engine  were  improving 
rapidly.  The  free  power  turbine,  driving  the  rotors  through  modern  transmissions,  was 
ultimately  adopted  for  most  helicopter  applications  because  of  the  inherent  advantages 
of  the  turbine,  its  favorable  torque-RpM  characteristics,  and  its  freedom  of  the  need 
for  a  disconnect  clutch.  The  power  response  characteristics  of  the  two-shaft  turbine 
were  recognized  to  be  inferior  to  that  of  the  single-shaft  turbine,  and  some  helicopter 
manufacturers  selected  the  single-shaft  engine  and  accepted  the  penalties  associated 
w,th  a  disconnect  clutch.  Power  response  is  an  even  more  important  consideration  for 
multiengine  helicopters. 

Current  gas  turbine  engines  have  cruise  fuel  consumptions  of  about  1.2  to  1.5  times 
those  of  reciprocating  engines  of  the  same  output.  However,  the  reduced  turbine  engine 
weight  offsets  the  slightly  higher  fuel  consumption  for  all  but  the  longest  ranges. 
Additionally,  the  turbine  operates  with  considerably  less  noise  and  vibration.  With  its 
use  have  come  improvements  in  reliability  both  for  the  aircraft  and  the  engine-  Most 
current  turbine  engines  require  transmission  reduction  ratios  in  the  20  to  25:1  range 
for  helicopter  application. 

As  the  turbine  was  introduced  into  the  helicopter,  design  improvements  in  the  second 
generation  or  evolved  transmissions  allowed  the  increased  gearing  associated  with  the 
higher  ratio  to  be  absorbed,  essentially  without  notice.  Allowable  stresses  of  primary 
bevel  gears  were  increased  by  30  percent  through  the  application  of  better  materials  and 
manufacturing  methods.  Transa/  ssion  time  between  overhaul  (TBO)  was  increased  because 
of  the  experience  developed  with  the  reciprocating  engine,  continuing  better  designs, 
and  due  to  the  smoother  operation  associated  with  the  turbine.  The  Bell  Model  47  trans- 
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mission  TBO  was  about  200  hours  when  it  was  first  put  into  commercial  service.  When  the 
Huey  helicopter  was  at  a  comparable  stage  of  development,  its  transmission  TBO  was  1000 
hours . 

Although  significant  progress  has  been  made  in  rotor  and  airframe  aerodynamics  and  struc¬ 
tures,  the  high  state  of  development  of  the  helicopter  would  not  have  been  possible  if  it 
were  r  '  for  the  introduction  of  the  gas  turbine  with  its  high  horsepower  output  per  unit 
weight  .nd  volume,  good  efficiency,  and  its  virtually  unlimited  power  output  potential. 

Although  there  is  still  some  interest  in  the  pressure  jet  propulsion  system  for  very 
large  helicopters  and  a  great  deal  of  interest  in  the  reciprocating  engine  for  the  very 
small  helicopter,  future  progress  in  helicopters  will  be  paced  by  the  advancing  technol¬ 
ogies  in  gas  turbine  and  transmission  design  and  manufacture  that  will  further  increase 
their  reliability,  efficiency,  and  decrease  specific  weight,  and  volume,  all  at  an  accept¬ 
able  cost. 

it  is  the  purpose  of  this  specialists  meeting  to  examine  these  emerging  new  technologies 
so  that  the  potential  improvements  that  they  offer  can  be  understood  and  used  to  improve 
the  helicopter. 

PRESENT  STATE-OF-THE-ART 

There  are  in  service  today  a  wide  range  of  gas  turbine-powered  helicopters  for  both  mili¬ 
tary  and  civilian  applications.  Governments  most  often  sponsor  the  initial  research  and 
development  efforts  for  a  new  engine  and  helicopter  maunufacturers  have  been  quick  to 
adopt  the  new  engines  to  improve  their  commercial  helicopters,  resulting  in  immediate 
profitable  use  by  the  operators.  The  helicopter  manufacturers  and  the  operators  have 
jointly  developed  this  new,  vigorous  industry,  but  it  is  paced  by  engine  development. 


In  :;ome  cases,  it  is  feasible  to  replace  re¬ 
ciprocating  engines  with  a  gas  turbine.  The 
S58-T  and  the  soloy  47  are  examples.  The 
Soloy  47  (Figure  4)  is  an  Allison  Model  250 
gas  turbine  repowered  version  of  the  260- 
horsepower  Lycoming  piston-powered  Bell  47, 
which  went  out  of  production  in  1974.  Bene¬ 
fits  for  this  installation  are  improved  per¬ 
formance  and  better  direct  operating  cost 
achieved  at  an  increased  engine  initial  cost 
at  least  five  times  that  of  the  reciprocat¬ 
ing  engine. 

There  are  now  available  a  number  cf  well-de¬ 
veloped  free  turbine  engines  ranging  from 
420  up  to  4400  horsepower  that  are  specific¬ 
ally  designed  for  use  in  helicopter  propul¬ 
sion  systems.  Figure  5  shows  a  map  of  the 
key  parameters  associated  with  available  en¬ 
gines.  The  spread  in  parameters  indicates 
the  effect  of  size  and  technology  level. 
Figures  6  through  12  illustrate  some  of  the 
available  engines  and  the  helicopters  in 
which  they  are  installed.  Other  engines  are 
under  development  to  produce  over  8000  horse¬ 
power  on  a  90°F  day  at  4000  feet  altitude. 
There  is  still  a  lack  of  a  flight-qualified 
turbine  engine  of  under  400  horsepower  rat¬ 
ing.  For  this  reason,  a  sizable  number  of 
helicopters  of  3000  pounds  gross  weight  or 
below,  such  as  the  new  Robinson  R22,  con¬ 
tinue  to  use  the  reciprocating  engine. 

The  available  engines  may  be  used  in  single 
or  multiengine  installations  for  efficient 
helicopters  with  gross  weights  ranging  from 
about  3000  to  well  over  100,000  pounds. 

Thus,  except  for  the  very  small  machines, 
helicopter  development  in  almost  any  size 
class  is  not  limited  by  lack  of  available 
turbine  power  plants.  With  most  new  commer¬ 
cial  developments,  however,  it  would  be  most 
unusual  to  find  an  available  high  technology 
power  plant  that  would  provide  exactly  the 
desired  performance  for  the  precise  size 
helicopter  that  is  sought.  There  is  a  dif¬ 
ferent  situation  with  the  military  where 
very  careful  attention  is  paid  to  providing 
the  proper  size  engine,  and  where  most  often 
engines  are  developed  for  planned  helicop¬ 
ters  . 
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Figure  5  -  Map  of  Key  Engine  Parameters 


Figure  10  -  Rolls  Royce  Gem  Turbine  Engine  and  Helicopters  it  Powers 


Figure  12  -  Lycoming  TVj  Turbine  Engine 
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P^wer,  weight  and  fuel  consumption  data 
from  current  engines  are  shown  in  Figures 
13  and  14  as  historical  trends,  based  on 
the  year  the  engine  was  certificated  or 
qualified.  It  is  seen  that  the  higher 
power  engines  have  better  performance,  and 
that  engine  performance  overall  has  im¬ 
proved  as  a  function  of  time  as  new  tech¬ 
nology  features  have  been  introduced.  The 
technology  improvements  have  largely  been 
associated  with  materials  and  aerodynamic 
advancements,  and  we  can  reasonably  expect 
such  improvements  at  least  to  follow  the 
trend  projected  from  our  history  into  the 
future. 

But,  it  is  believed  that  the  historical 
projections  are  conservative.  In  the 
past,  a  major  effort  has  been  exerted  to 
reduce  engine  complexity  at  the  expense  of 
performance.  Reliability  and  initial  cost 
cannot  be  sacrificed;  however,  with  the 
new  situation  in  fuel  availability  and 
increasing  cost,  engine  manufacturers  must 
take  advantage  of  additional  approaches  to 
improve  efficiency,  including  such  things 
as  the  use  of  variable  geometry  and  cool¬ 
ing  schemes  and  recuperation.  These  will 
be  discussed  later. 

Current  transmission  systems  have  reached 
a  relatively  high  state  of  development. 
Allowable  surface  compressive  stresses  and 
gear  root  bending  stresses  have  increased 
over  10  and  35  percent,  respectively,  over 
second  generation  design  values.  Initial 
times  between  overhaul  ( TBO )  now  start  at 
a  level  to  which  earlier  designs  had  to  be 
gradually  developed.  The  same  is  true  for 
the  power  or  torque  per  pound  of  transmis¬ 
sion.  Progress  is  being  made  in  reducing 
transmission  structure  and  airborne  noise 
by  use  of  such  approaches  as  higher  con¬ 
tact  ratio  gears.  Today's  transmissions 
offer  more  features — simple  diagnostics  in 
the  form  of  chip  light  detectors,  lower 
noise,  and  often  the  ability  to  continue 
operation  for  a  significant  time  after 
loss  of  lubrication.  This  technology  was 
originally  spawned  by  military  require¬ 
ments  and  is  known  as  ''fly-dry."  An 
alternative  to  a  fly-dry  transmission  is 
to  provide  an  emergency  lubrication  system. 
This,  too,  has  been  done  successfully. 
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Figure  13  -  Historical  Trend  of 
Turbine  Engine  Specific  Fuel  Consumption 


vfar  of  Qualification 

Figure  14  -  Historical  Trend  of 
Turbine  Engine  Specific  Weight 


Power  transfer  couplings  have  improved  significantly  over  the  designs  of  two  decades 
age,  and  powei  matching  in  twin  or  triple  engine  designs  is  now  an  accomplished  fact. 
New  transmissions  must  keep  pace  with  the  technology  level  of  new  engines. 


Current  engines  and  the  transmission  systems  that  they  drive  are  in  a  wide  variety  of 
configurations  and  technology  levels.  While  all  of  them  give,  or  promise  to  give,  a 
creditable  account  of  themselves  in  service,  there  is  much  room  for  improvement.  The 
most  significant  areas  that  need  attention  include: 


•  Engine  and  transmission  reliability 
Engine  control  system  reliability 

•  Engine  fuel  consumption  at  cruise  power 

•  Propulsion  system  initial  and  life-cycle  costs 

•  Emergency  power  rating 

•  Engine  and  transmission  size  and  weight 
Propulsion  system  health  monitoring 

•  Noise  and  vibration  levels 
Inlet  air  filtration 

•  Low  grade  fuel  capability 
Engine/transmirsion/airframe  integration 


In  the  paragraphs  that  follow,  the  technologies  needed  in  each  of  these  areas  will  be 
discussed  briefly,  together  with  the  promise  for  progress  which  they  offer. 
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TECHNOLOGY  ADVANCES  NEEDED 


Reliability 

Once  the  helicopter  is  designed,  its  propulsion  system  selected,  the  development  leading 
up  to  its  qualification  and/or  certification  is  complete,  and  it  is  introduced  into 
service,  the  early  performance  predictions  tend  to  fade  into  the  background,  and  the 
economics  of  its  operation  become  uppermost  in  the  owner's/operator's  mind.  Primary  in 
this  regard  is  the  aircrafts'  and  their  power  plants'  reliability;  i.e.,  the  ability  to 
perform  consistently  in  the  manner  required  for  the  intended  use. 

NASA  states'  that  approximately  49  percent  of  the  instances  of  unreliability  in  modern 
turbine-powered  helicopters  occurs  in  the  propulsion  systems.  Of  these,  35  percent  are 
attributed  to  the  engine  or  its  associated  systems  and  14  percent  to  the  transmission. 

A  review  of  helicopter  accidents  due  to  material  failure  shows  that  the  engine  and  its 
systems  cause  over  two-thirds,  the  transmission  system  less  than  10  percent.  Bell  data 
indicate  that  in  a  typical  helicopter  fleet,  an  unscheduled  interruption  of  operation 
due  to  aircraft  material  problems  occurs  once  every  400  flight  hours.  About  30  percent 
of  those  interruptions  are  caused  by  the  engine  and  transmission  systems. 

It  is  obvious  that  improvements  that  reduce  the  number  of  these  interruptions  will 
increase  safety,  reduce  costs  and  increase  customer  satisfaction.  In  the  great  majority 
of  cases,  new  technology  is  not  required  to  improve  reliability,  merely  a  more  careful 
attention  to  detail  in  the  application  of  known  principles.  Early  correction  of  the 
service-revealed  difficulties  is  vital  to  the  continued  growth  of  the  industry,  and 
engine  manufacturers  must  appreciate  this. 

Even  though  most  cases  of  unreliability  can  be  corrected  easily,  there  are  some  areas 
where  the  current  designs  are  being  pushed  to  the  limit,  and  future  progress  depends  on 
the  application  of  new  technology. 

For  example,  experience  has  shown  that  as  many  as  two-thirds  of  the  power  interruptions 
in  flight  are  caused  by  the  present  generation  of  partially  open-loop,  hydraulic-  or 
pneumatic-mechanical  engine  control  systems.  Present-day  and  future  gas  turbines  need 
more  precise  closed-loop  scheduling  of  fuel  flow  and  variable  geometry  features  to  match 
the  pilot's  power  demands  to  the  ambient  conditions  and  engine  requirements.  The  appli¬ 
cation  of  microelectronics  to  the  fuel  management  and  variable  geometry  systems,  par¬ 
ticularly  during  engine  starting,  shows  promise  of  providing  precise  and  reliable  re¬ 
sponse  of  the  engine  to  flight  requirements  and.  thus,  of  reducing  pilot  workload,  con¬ 
serving  engine  life,  and  providing  greater  power  reserves. 

Operational  recording  devices  and  maintenance  techniques  can  be  developed  that  continu¬ 
ously  monitor  propulsion  system  health  and  total  life  used  so  as  to  give  early  warning 
of  unfavorable  operating  trends  and  impending  troubles.  These  systems  will  permit  the 
establishment  of  least-cost  maintenance  programs  that  are  consistent  with  the  reliable 
operation  of  the  propulsion  system. 

Eventually  it  may  be  post ible  to  integrate  the  flight  and  engine  controls  for  even 
greater  simplification  of  the  cockpit,  reduced  pilot  workload  and  increased  safety.  It 
is  here  that  a  great  part  of  the  human  error  accidents  that  make  up  70  percent  of  all 
accidents  might  be  prevented.  A  word  of  caution  is  in  order,  however.  The  environment 
into  which  these  devices  are  thrust  must  be  clearly  understood  and  protected  against. 

In  addition  to  heat  and  vibration,  the  ever  increasing  electromagnetic  pollution  of  the 
atmosphere  is  of  concern.  There  is  a  great  deal  to  learn  here,  and  we  must  proceed 
cautiously. 

Transmission  reliability  might  be  most  improved  through  better  manufacturing  techniques 
that  provide  ultra-high  levels  of  consistency,  thus  eliminating  the  stresses  associated 
with  manufacturing  variation.  Improved  inspection  techniques  are  important  so  that 
inclusions  can  be  minimized.  Techniques  for  measuring  root  bending  stresses  should  be 
more  precise  than  observing  tooth  loading  patterns. 

In  the  design  of  propulsion  systems,  care  must  be  taken  not  to  overemphasize  weight 
reduction,  when  a  little  more  could  provide  significant  improvement  in  reliability.  The 
trend  of  contracting  power-by-the-hour  for  the  helicopter,  as  well  as  for  the  engine, 
can  be  expected  to  grow  rapidly  as  our  customers  demand  consistent,  predefined  cost  of 
operation.  This  will  cause  design  approaches  to  become  more  conservative. 

An  improved  operating  environment  for  the  engine  and  transmission  can  contribute  greatly 
to  the  reliability  of  the  propulsion  system.  Inlet  air  filters  or  particle  separator:, 
crash-resistant  suction  fuel  systems,  highly  effective  fuel  and  oil  filters  and  oil 
coolers,  engine/airframe  dynamic  compatibility,  vibration  isolators  and  low-loss  exhaust 
systems  that  minimize  reingestion  and  protect  the  airframe  from  high  temperatures  are 
all  important  elements  of  successful  helicopter  propulsion  systems.  All  require  con¬ 
tinuing  improvement. 
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The  integration  of  the  engine  and  transmission  is  also  quite  important.  Engine  shaft 
speeds  will  always  be  pushed  as  high  as  aerodynamic  refinements  allow,  so  as  to  reduce 
the  size  of  the  engine.  With  higher  engine  output  speeds,  greater  speed  reduction  is 
required.  Thus  the  question,  how  much  of  this  reduction  should  be  taken  as  part  of  the 
engine,  if  any,  and  how  much  in  the  helicopter  transmission?  This  question  must  be 
answered  for  each  design,  based  on  considerations  of  mounting  and  shafting.  The  possi¬ 
bility  of  mounting  the  engine  and  transmission  together  as  a  single  unit  should  not  be 
overlooked. 

Specific  Fuel  Consumption 

In  the  light  of  the  cunent  fuel  shortage  and  ever  increasing  fuel  costs,  the  fuel 
consumption  of  the  engine  at  cruise  power  is  an  important  factor  in  the  earning  power  of 
the  helicopter.  The  importance  of  fuel  cost  is  indicated  by  Table  I,2  which  shows  the 
fuel  costs  for  several  Bell  helicopters  as  a  percent  of  direct  operating  costs  (DOC)  for 
various  prices  of  fuel.  In  the  future,  even  with  the  coming  low-grade  fuels,  fuel  costs 
can  be  expected  to  exceed  the  upper  values  shown,  and,  as  they  do,  fuel  consumption 
reduction  becomes  mandatory. 


Helicopter 
Model  No. 

Fuel  Cost,  U.S 

S/GAL 

1.0 

2.0 

4.0 

ASSUMPTIONS 

Fuel 

Cost  As 

%  DOC 

206B 

206L-1 

205A-1 

212 

222 

16 

15 

24 

24 

16 

25 

24 

35 

36 

25 

36 

34 

47 

49 

36 

•  1200  FLT  HRS  PER  YEAR 

•  DEPRECIATION  @  1%  P.A. 

•  INSURANCE  @  6%  PURCHASE  PRICE 

•  INFLATION  @  8%  P.A. 

•  5  YEAR  INTERVAL  FROM  MIN  TO 

MAX  FUEL  COSTS 

Table  I.  Fuel  Cost  as  a  Percent  of  Direct  Operating  Costs 


In  the  continuing  evolution  of  gas  turbine  technology,  reduction  in  specific  fuel  con¬ 
sumption  can  be  achieved  by  higher  pressure  ratios  and  increased  turbine  operating 
temperatures,  as  well  as  by  better  compressor  aerodynamics,  improved  combustion,  more 
efficient  turbines,  and  reductions  of  losses  caused  by  tip  clearance  and  friction. 

In  achieving  these  improvements,  it  is  essential  that  au  adequate  stall  margin  be  re¬ 
tained,  so  that  the  engine  can  operate  smoothly  throughout  the  flight  regime.  Engine 
performance  deterioration  must  be  minimized  throughout  the  overhaul  interval  or  provided 
for  initially,  and  engine  performance  must  be  readily  restored  to  original  levels  during 
overhaul.  Inlet  air  cleaning  and  flight  line  washing  techniques,  together  with  good  air 
filtration  and  simple,  rugged  designs,  are  contributory  to  this  goal. 

It  is  also  most  important  that  full  power  is  available  within  a  few  seconds  of  pilot 
demand.  This  can  most  likely  be  achieved  by  better  control  of  running  clearances  and 
temperature  control  systems.  The  requirement  for  almost  instantaneous  power  response 
from  the  remaining  engine(s)  upon  engine  failure  cans  s  one  to  look  again  at  the  single¬ 
shaft  turbine  or  to  consider  the  more  complex  and  more  efficient  three-shaft  designs. 

Power  response  time  is  extremely  important. 

Higher  turbine  operating  temperatures  will  require  more  extensive  use  of  turbine  cooling 
for  metal  wheels,  blades,  and  vanes  combined  with  high-temperature  coating  cr,  alterna¬ 
tively,  the  introduction  of  ceramic  components.  This  family  of  materials,  with  its  high 
strength-to-weight  ratio  at  elevated  temperatures  and  corrosion  resistance,  shows  promise 
of  reliable  high-temperature  operation  with  increased  useful  lives  and  reduced  weight 
and  parts  cost. 

The  use  of  a  highly  effective  recuperative  system  to  reduce  fuel  consumption  is  a  possi¬ 
bility,  especially  for  large,  long-range  rotorcraft  or  for  military  helicopters  requir¬ 
ing  infrared  suppression.  Even  for  smaller  commercial  helicopters,  a  recuperative 
system  might  be  attractive  if  it  were  designed  as  an  integral  part  of  the  fuselage  to 
minimize  it's  size,  weight,  and  drag  impacc. 

Variable  geometry  and  cooling  schemes  offer  considerable  promise.  The  variable  cooling 
involves  manifolding  and  throttling  to  reduce  cooling  air  flow  at  part  power  operation 
for  better  efficiency.  Variable  geometry  takes  the  form  of  variable  compressor  and 
turbine  stators,  variable  exhaust  and  turbine  nozzles,  and  gas-producer  clutching  arrange¬ 
ments.  These  devices  do  increase  parts  count  and  cost,  but  they  offer  the  possibility 
of  major  improvements  in  efficiency.  Table  II2  presents  the  probable  specific  fuel 
consumption  and  weight  of  the  types  of  devices  mentioned.  It  is  seen  that  very  signif¬ 
icant  improvements  can  be  expected,  and  these  add  to  the  cycle  and  component  efficiency 
increases  projected  from  history. 


I-IU 


Percent 

Change 

Device 

SFC 

Reduction 

Engine  Weight 
Increase 

Variable  Cooling 

2 

2 

Recuperation 

19 

24 

Variable  Geometry 
with  Recuperator 

27 

2b 

Variable  Geometry 
without  Recuperator 

13 

4 

Table  II.  Potential  of  Engine  Developments 


Propulsion  System  Weight 


Propulsion  system  waight  is  an  important  factor  in  the  critical  trade-off  between  engine 
plus  fuel  weight  and  useful  load  and  range.  Advanced  aerodynamic  technology  can  reduce 
the  number  of  stages  in  the  compressor  and  turbine,  thereby  reducing  weight  and  increas¬ 
ing  reliability. 


Transmission  gearing  can  be  made  somewhat 
lighter  by  refined  design  techniques,  but 
presently  known  materials,  heat  treatments, 
surface  processing,  and  lubricants  are 
being  pushed  to  the  limits.  The  use  of 
double-vacuum  melt  steels,  new  steels  with 
higher  allowable  stress,  improved  lubri¬ 
cants,  especially  those  with  higher  Rydet 
capacity,  and  silicon  nitride  bearings  in 
special  applications  are  possible  avenues 
for  reducing  transmission  weight.  New 
configuration  transmissions  such  as  the 
use  of  traction  drives,  especially  for  the 
smaller  systems,  offer  promise.  Consider¬ 
able  weight  savings  are  possible  in  the 
transmission  area. 

Figure  15  shows  the  relative  Hertzian  and 
root  bending  moment  stress  levels  that 
have  been  used  in  transmission  design  in 
the  past  and  similar  data  for  new  materials 
being  evaluated  now.  Figure  16  shows  the 
resulting  increase  in  mean  time  between 
removal  (MTBR).  Clearly,  time  will  bring 
further  improvement  here. 
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Figure  15  -  Gear  Strength  Trend 


Composite  materials  are  finding  broader 
application  in  the  propulsion  system 
because  of  their  high  specific  modulus, 
light  weight,  corrosion  resistance,  and 
low  cost.  These  materials  are  now  widely 
used  in  cowlings  and  inlet  systems. 
High-temperature  polyimide  materials  are 
extremely  attractive  in  these  applications. 
Although  never  used  in  production,  success¬ 
ful  drive  system  shafting  has  been  made  ox 
graphite.  Transmission  cases  have  been 
made  of  composite  materials.  Figure  17 
shows  a  composite  transmission  case  in  pro¬ 
cess  for  a  Boeing  Vertol  CH47D  helicopter. 


Figure  16  -  Improvement  in  Gear 


We  should  pursue  the  promise  of  composites — 
including  metal  matrix  composites--through- 
out  the  propulsion  system.  Possible 
applications  include  high-speed  shafting, 
compressor  components,  and  engine  and 
transmission  gear  cases,  providing  the 
reduced  heat  transfer  coefficient  through 
them  can  be  offset  by  increased  cooler 
capacity  with  a  net  weight  reduction. 
Development  efforts  should  be  continued  to 
understand  more  fully  and  to  control  the 
unique  properties  of  composites  so  that 
they  can  be  used  with  the  same  confidence 
as  homogeneous  materials. 


w 
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Propulsion  System  costs 

Although  propulsion  system  acquisition  cost  is  a  large  part  of  the  total  cost  of  a 
helicopter,  it  is  small  when  compared  to  the  life-cycle  cost  of  the  system,  which  in¬ 
cludes  the  fuel,  lubricants,  parts,  maintenance,  and  labor  used  during  the  useful  life 
of  the  system.  Thus,  it  is  prudent  to  consider  life-cycle,  cost-effective  improvements 
to  the  helicopter  and  its  systems,  including  the  propulsion  system,  even  though  the 
acquisition  costs  may  be  increased. 

The  technologies  discussed  above  aimed  at  increasing  parts  life  and  reliability  and 
reducing  fuel  consumption  must  be  viewed  as  they  contribute  to  reducing  life-cycle 
costs,  rather  than  the  shorter  term  acquisition  costs.  Similarly,  propulsion  system 
manufacturers  must  make  the  hard  trade-offs  such  as  between  increased  reliability  and 
lower  fuel  consumption  based  on  consideration  of  life-cycle  cost-  This  concept  will  not 
be  easy  to  sell  to  our  prospective  customers,  unless  it  is  backed  up  by  innovative  guar¬ 
antees — and  this  is  what  we  must  do. 

Rating  Philosophy  and  Qualification/Certification  Procedures 

There  is  an  urgent  need  for  some  truly  innovative  thinking  on  the  part  of  industry  and 
the  civil  regulatory  agencies  concerning  the  rating  philosophy  and  certification  pro¬ 
cedures  for  helicopter  engines,  particularly  those  used  in  multiengined  aircraft.  In 
those  applications,  the  maximum  allowable  gross  weight  of  the  helicopter  is  not  limited 
by  the  total  installed  power,  but  rather  by  the  amount  of  power  available  from  the 
remaining  engine(s),  should  one  engine  fail  at  the  most  critical  point  during  takeoff. 

This  leads  to  a  set  of  one-engine-inoperative  (OEI)  ratings  for  use  during  emergency 
conditions,  which  occur  very  infrequently,  if  at  all,  during  the  life  of  a  given  engine 
or  helicopter.  At  present,  the  highest  emergency  rating  in  current  engines  is  approxi¬ 
mately  110  percent  of  the  takeoff  rating  and  is  called  a  2-1/2-minute  rating.  It  is 
demonstrated  by  fifty  2-1/2-minute  runs  for  a  total  of  2  hours  and  5  minutes  of  testing 
in  the  United  States  Federal  Aviation  Administration's  required  150-hour  certification 
endurance  test.  By  contrast,  the  same  test  schedule  requires  only  11  hours,  40  minutes 
of  operation  at  takeoff  power,  which  is  used  about  once  every  flight.  At  the  conclusion 
of  the  test,  the  inspection  of  the  engine  parts  must  not  reveal  any  impending  failure 
that  would  compromise  further  safe  operation. 

The  infrequent  situations  requiring  emergency  power  during  takeoff  would  normally  exist 
for  no  more  than  about  10  to  20  seconds  of  operation  of  the  surviving  engine(s)  and 
would  occur  only  to  complete  a  takeoff  after  one  engine  failure  at  the  critical  altitude 
and  temperature  condition,  with  no  wind  and  with  no  suitable  landing  area  available. 

This  situation  does  not  occur  often,  and  when  it  does  occur,  the  required  duration  of 
the  emergency  power  is  very  low. 

The  amount  of  testing  at  the  2-1/2-minute  rating  is  disproportionately  high.  Because  of 
the  long  test  time,  the  emergency  power  level  that  can  be  certificated  is  limited  due  to 
the  creep  and  stress  rupture  considerations  of  the  turbine  rotor.  If  a  shorter  demon¬ 
stration  period  were  acceptable — say  ten  30-second  bursts  to  a  maximum  emergency  power 
during  the  150-hour  test — the  rating  could  be  as  much  as  125  percent  of  the  takeoff 
rating,  thus  increasing  the  allowable  payload  of  the  helicopter  by  approximately  50 
percent. 

Even  higher  OEI  ratings,  perhaps  as  much  as  150  percent,  would  be  possible  as  a  "burn¬ 
out"  rating,  demonstrated  by  a  single  30-second  burst  followed  by  15  minutes  at  normal 
rated  power  (NRP)  on  the  type  test  engine  following  reassembly  after  the  post-test 
inspection.  The  burnout  rating  would  be  certificated  with  the  understanding  that  that 
rating  would  be  used  once,  and  upon  its  use,  the  engine  would  be  returned  for  overhaul. 

There  is  also  the  need  for  a  higher  enroute  emergency  OEI  power  rating.  Although  this 
rating  should  be  of  a  much  longer  time  duration,  the  approach  of  requiring  engine  over¬ 
haul  after  the  use  of  that  power  would  allow  the  definition  of  an  acceptable  certifica¬ 
tion  test.  The  time  duration  for  the  enroute  emergency  OEI  power  rating  should  allow 
time  for  the  disabled  rotorcraft  to  fly  to  a  location  where  low  altitude  flight  could  be 
maintained  at  NRP.  Although  this  will  vary  depending  on  what  area  of  the  world  the 
flight  takes  place,  it  is  believed  that  a  one-hour  emergency  enroute  power  rating  would 
suffice,  with  flight  at  NRP  allowed  for  an  additional  two  hours. 

The  aerodynamic  design  of  the  compressor  and  its  operating  line  may  have  to  be  adjusted 
to  achieve  these  higher  OEI  ratings  without  surge,  possibly  resulting  in  a  slight  com¬ 
promise  in  cruise  fuel  consumption.  Even  so,  there  would  be  a  reduction  in  total  fuel 
used  for  a  given  payload  because  of  the  use  of  higher  percentage  of  NRP  during  cruise. 
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THE  CHALLENGE 


It  is  visualized  that  future  helicopter  propulsion  systems  will  consist  of  two  or  more 
turboshaft  engines  driving  through  high  reduction  ratio,  lightweight,  on-condition, 
fail-safe  transmissions.  The  engines  will  have  a  higher  cycle  pressure  ratio,  more 
efficient  compressors  and  turbines,  operate  at  higher  turbine  gas  temperatures  than 
present  engines  and  incorporate  variable  geometry  features.  These  engines  will  be  free 
from  surge  and  capable  of  extremely  rapid  power  response  under  all  conditions. 

The  control  systems  would  be  the  full  authority,  electronic  type  with  engine  and  trans¬ 
mission  health  monitoring  and  outputs  to  the  flight  control  system.  Both  the  basic 
engine  and  transmission  will  be  more  compact  and  lighter  in  weight  per  horsepower  pro¬ 
duced  or  transmitted,  and  the  engines  will  use  considerably  less  fuel  at  cruise  power 
than  they  currently  do.  with  these  new  engines,  safety  and  economy  will  be  provided 
through  the  application  of  rational  OEI  emergency  power  ratings.  All  of  these  gains 
will  be  accompanied  by  concurrent  improvement  in  system  reliability  and  a  reduced  life- 
cycle  cost. 

The  gross  weight  of  a  helicopter  that  is  powered  by  this  advanced  propulsion  system  will 
be  about  20  percent  less  than  today's  helicopter  doing  the  same  job,  and  it  will  use  at 
least  25  percent  less  fuel  and  travel  at  about  a  10  percent  higher  speed — because  of  its 
improved  propulsion  system. 


THE  CHALLENGE  TO  THE  PROPULSION  SYSTEM  SPECIALIST  IS  TO  IDENTIFY  THE 
TECHNOLOGIES  REQUIRED  TO  ACCOMPLISH  THESE  COALS,  TO  LAY  rLANS  TO 
BRING  THEM  ABOUT,  AND  TO  MAKE  IT  HAPPEN. 
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DISCUSSION 


W.Crawford,  US 

I  question  the  capability  to  achieve  50  percent  emergency  power  capability  without  burn-out.  Modern  engines  have 
temperature/power  derivatives  that  will  not  give  that  much  additional  power  for  significant  temperature  increases. 

Author's  Reply 

Twenty-five  percent  should  be  available  for  present  engines.  Fifty  percent  is  believed  to  be  achievable  through  the 
use  of  ceramic  materials  in  critical  locations. 


K.Rosen,  US 

What  plan  would  you  offer  for  emergency  power  certification? 

Author’s  Reply 

Joint  approach  to  the  certifying  agencies  by  the  engine  manufacturers,  helicopter  manufacturers,  and  operators,  all 
acting  in  concert.  Actual  time  histories  of  simulated  or  real  engine  failures  at  critical  points  in  the  flight  path  would 
be  a  start. 


P.Brammer,  UK 

Is  a  3C-second  burst  at  emergency  power  adequate? 


Author's  Reply 

Perhaps  not.  This  value  should  be  settled  by  pilots.  Some  of  them  have  indicated  ten  seconds  is  enough  but  it  is 
hoped  that  the  number  would  come  out  between  30  and  45  seconds. 


PROGRAMMES  D  ESSAlS  DE  DEVELOPPEMENT 
ADAPTES  AUX  MOTEURS  D'HEIICOPTeRES 
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1  INTRODUCTION 

Dans  un  programme  general  dc  developpement  d'un  mo tour ,  e'est  a  due  dcpuis  la  premiere  rotation 
au  banc  jusqu'a  la  misc  en  service  du  modelc  devoloppe  en  passant  par  la  mise  au  point  du  modole  de  base, 
le  chemi n  a  parcourir  est  seme  de  contraintes  de  plusieurs  natures  : 

-  en  premier  lieu  de$  exigences  leglementai res  qui  sont  constitutes  par  les  reglcments  de  Navigabilite 
pour  les  rcoteurs  civils,  par  des  Specifications  techniques  particulieres  pour  lee  moteurs  militaires  ; 

-  en  second  lieu  dcs  exigences  d'ordre  operationnol  qui  viennent  se  juxtaposcr  aux  precedentes  et  qui  sont 
constitutes  : 

.  par  les  divers  types  d'ut ilisation  envisages  :  profile  de  vol  des  differentes  missions. 

.  par  les  conditions  d 'environnement  suscept ibles  d'etre  rencontrees, 

Ce  second  volet  est  particulier ement  important  pour  un  turbomoteur  d ' he] icoptere  du  fait  de  la  varietc 
des  utilisations  et  des  conditions  d 'environnement  comparees  a  celles  d'un  rcacteur  ou  d'un  turbopropul - 
seur . 


Pour  repondre  a  1' ensemble  dc  ces  exigences  il  taut  batir,  entre  autres,  un  programme  d'essais  qui 
prenne  en  compte  ce  faisceau  de  contraintes,  port'ois  contradictoircs,  d'une  part  pour  obtenir  la  Certifi¬ 
cation  et  d'autre  part  pour  effectuer  la  mise  en  service/  1 'exploitation  et  le  developpement  sans  aleau 
majeurs . 


II  peut  pviraitre  ambitieux  d'aborder  un  sujet  aussi  vastc  dans  un  aussi  court  laps  de  temps,  aussi 
nous  nous  limiterons  a  examiner  quelques  essais  specif iques  a  un  turbomoteur  d ' hel icoptcre . 


2  -  PROGRAMME  MAKI LA 

Nous  avons  choisi  cemme  exemule  le  programme  du  turbomoteur  MAKILA  qui  equipc  1 'helicopter c  AEROS¬ 
PATIALE  AS- 3 32  Super  PUMA. 

Rappelons  brievement  l'origine  ct  les  principles  e tapes  du  piogrammc  MAKILA.  Lance  en  1974  pour 
repondre  aux  besoins  du  marche  des  hcl icopterrs  de  moyen  tonnnage  a  long  rayon  d 'action,  le  MAKILA  turbo¬ 
moteur  dc  la  classe  dcs  1300  kw  (  1800  ch)  est  d'une  conception  modernc,  cnticrement  modulaire  tout  en 
possedant  1 ' architecture  generale  des  motcurc  TUKPOMECa. 

II  developpe  en  conditions  Standard  au  niveau  dc  la  mor  1240  kw  aux  regimes  dc  dccollage  et  in¬ 
ter  mediaire  d'urgonce  (  ou  30  minutes)  et  1310  kw  au  regime  maxi  d’urgence  {ou  2  1/2  minutes),  Ja  puissance 
thermique  maxima le  est  de  1  400  kW. 


Etapes  clefi  du  programme 


premiere  rotation  au  banc  en  reacteur 
premier  vol  sui  PUMA  SA  330 
premier  vol  sur  Super  PUMA  AS  332 
Reception  des  premiers  moteurs  de  serie 
Certification  DGAC 


Novembre  1976 
Juin  1977 
Septembre  1977 
Decembre  1979 
Fevrier  1980 


3  EXIGENCES  REGLEMENTAIRESDENAVIGABIUTE 

Comme  pour  tous  les  turbomoteurs  TURBOMECA  pour  le6  helicopter es  qui  ont  a  la  fois  dcs  applica¬ 
tions  civiles  et  militaires,  nous  avons  choisi  d’emblce  de  repondre  a  l'enveloppe  des  reglements  civile 
et  a  des  points  particulars  dcs  Specif icat ions  militaires  pour  les  moteurs,  notanunent  en  ce  qui  concer- 
ne  les  essais  d ‘environnement . 

Le  MAKILA  repond  done  a  la  fois  aux  exigences  des  reglements  de  navigabilite  suivants  : 

-  Le  JAR-E  ou  Joint  Airworthiness  Requirements -Engines  a  1 'edition  3  qui  est  le  regle- 
ment  europeen  pour  les  moteurs,  base  sur  le  reglemcnt  Britannique  B.C.A.R  Section  C  a  1 'edition  10.  Pour 
information,  le  JAR-E  n'etant  applicable  aujourd'hui  qu'aux  moteurs  d'avions  il  a  ete  adapte  pour  pouvoir 
corresponds  a  1 'instaliaticn  motrice  definie  par  la  FAR  29,  notamment  en  ce  qui  concerne  les  regimes 
d 'utilisation. 


-  La  FAR  Part  33  a  1 ' amendement  8 

Le  MAKILA  a  egalement  subi  des  essais  dciinis  par  les  Specifications  pour  les  moteurs  militaires 
MIL-E-8593  A  et  D.Eng  RD  2100. 

L'ensemble  de  ces  reglements  constitue  la  base  du  programme  des  essais  de  validation  du  moteur . 

Par  rapport  aux  autres  types  de  moteur  ce  qui  caracterise  essent iellement  les  moteurs  d 'helicopte- 
re  du  point  de  vge  des  reglements,  e'est  1 'existence  de  regimes  d'urgence  pour  les  appareils  multimoteurs 
classes  en  Categorie  A  e'est  a  dire  certifies  pour  assurer  un  transport  public  de  passagers  : 

-  Regime  maximal  d'urgence  selon  definition  BCAR  Section  C  ou  regime  2  1/2  minutes 
selon  definition  FAR  Part  1  destine  a  couvrir  le  cas  de  panne  d’un  moteur  au  decol¬ 
lage  pour  les  helicopteres . 

Ceci  siqnifie  au'en  c*'  de  panne  d'un  moteur,  on  auicroic  de  puissance  doit  etre 
instantoncment  Jibponible  sur  le  ou  les  autres  moteurs  pour  permettre  a  l'helicop- 
tere  de  poursuivre  la  phase  de  decollage. 

-  Regime  intermediaire  d'urgence  a  duree  illimitee  selon  definition  BCAR  ou 
Regime  30  minutes  selon  definition  FAR  Part  1 

L'existence  de  regimes  d'urgence  constitue  unc  donnee  fondamentale  p<.>ur  la  conception  du  moteur 
mais  aussi  pour  le  programme  d'essais.  Tel  est  le  cas  pour  le  MAKILA.  Nous  verrons  dans  la  suite  dc  1 'ex¬ 
pose  quelles  sont  les  implications  par ticulieres  a  ces  regimes  sur  les  demonstrations  apportees. 


4  -  EXIGENCES  OPERATIONNELLES 

Log  contraintes  issues  des  exigences  operationnel les  viennent  s'ajouter  aux  exigences  reglemen- 
taires.  Elies  torment  l'esscntiel  de  la  particularity  des  t urbomotcurs  d 'helicopterec  par  rapport  aux 
autres  types  de  ihntpur,  Elies  cent  const iluevs  pat  la  variete  des  types  d 'uti 1 isation  alliec  a  un  large 
eventail  de  conditions  d ’environnement . 

La  difficulte  reside  dans  la  simulation  de  ces  conditions  dans  un  programme  d'essais  necessaire- 
ment  contracte  dans  le  temps  afin  d'anticiper  au  mieux  les  conditions  reelles  d ' utilisation , 

Les  differents  facteurs  dont  il  faudra  tenir  compte  sont  en  particulier  : 

.  le^type_de  mission^ 

-  transport  : 

.  transport  public  ou  prive  de  personnel 

.  liaison  avec  les  plate-formes  de  forage  en  mer,  acheminement  de  personnel,  de  ma¬ 
teriel. 

.  transport  et  secours  en  montagne 

.  liaison  aeropor ts/villes 
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-  travail  aerien 

,  transport  de  charges  a  I'^lingue 
.  grutage 

-  surveillance  de  lignes  clectriques  a  haute  tension,  de  routes,  de  pi pc -lines  etc... 

-  evacuation  sanitairc 

-  missions  militairos  diverses 

les  differents  types  de  mission  enumeres  sont  realises  dans  des  environnements  tree  divers 
tels  que  : 

-  atmosphere  saline  propice  a  la  corrosion  (notanunent  pour  la  desserte  des  plate-formes  en 
mer) 

•  atmosphere  sableuse  propice  a  l'erosion  pr incipalement  dans  les  ■"regions  du  Moyen  Orient 

-  atmosphere  chaude  et  humide  des  pays  tropicaux  egalement  propice  a  la  corrosion  ainsi 
qu'au  developpement  des  micro-organismes  dans  le  carburant 

-  atmosphere  polluee  des  regions  fortement  industr ialisees  pour  les  missions  pres  du  sol 
de  survol  de  lignes  haute  tension  ou  de  routes 

-  atmosphere  froide  et  vol  sous  la  neige 

-  vol  sous  pluie  intense  en  pays  tropical 
*  les^operat ions^d^entret ien 

la  qualite  des  operations  d'entretien  varie  considerablement  du  fait  de  la  multiplicity 
des  utilisateurs  d 'helicoptercs,  de  leurs  moyens,  de  la  dispersion  geographique  et  en  par¬ 
ticular  de  1 'eloignement  des  bases  d'entretien  des  zones  d ' utilisation. 

L' expose  de  ces  exigences  montre  bien  1 'extreme  variate  des  conditions  reglementaires  et  operation- 
nelles  gu'il  faut  couvrir.  Mais  en  outre,  si  des  equipements  optionnels  permettent  a  1 'helicoptere  de 
s'adapter  a  des  travaux  et  des  environnements  tres  differents,  le  turbomoteur,  lui,  restant  en  place,  doit 
assurer  cette  polyvalence  dans  tous  les  cas. 

Les  differentes  contraintes  exposees  ci~avant  interviennent  en  effet  soit  isolement,  soit  combinees 
et  les  essais  devront  done  en  constituer  une  enveloppe  representative. 

On  imagine  aisement  que  des  choix  doivent  etre  iaits  pour  les  programmes  d'essai  car  il  n'est  pas 
possible  de  teproduire  exactement  au  banc  toutes  les  conditions  susceptibles  d'etre  rencontrees  en  servi¬ 
ce. 

Il  ost  done  necessairc  d'effectuer  des  essais  de  simulation  au  banc  sur  elements  separes  et  sur  mo- 
tour  complet  pour  s'approcher  au  plus  pres  des  conditions  operat ionnelles  et  anticiper  aussitot  que  pos¬ 
sible  les  problemes  qui  risquent  de  so  poser  en  utilisation. 


6  PROGRAMME  D'ESSAIS  MAKIL A 

Dans  l'ensemble  du  programme  d'essais  du  turbomoteur  MAKILA  nous  avons  choisi  trois  essais  qui  ont 
pour  objet  de  simuler  quelques  unes  des  conditions  exposees  precedcmment  et  qui  sont  par ticulieres  a  I'u- 
tilication  d'un  helicoptere. 

11  s'agit  d 'essais  qui  so  rapportent  aux  questions  suivantes  : 

.  Temps  de  reponse  en  puissance  et  t.ransfert  des  charges  en  cas  de  panne  d'un  moteur 
,  Tenue  du  moteur  en  longue  endurance 
.  Resistance  du  moteur  a  la  corrosion 

5.1.  Temps  de  reponse  en  puissance 

Sur  helicoptere  bi-moteur  une  des  conditions  importantes  que  doit  romplir  1 ' installati on  motcice, 
e'est  comme  nous  1 'avons  mentionne  precedemment  la  continuation  du  vol  en  cas  de  panne  d'un  moteur,  mcmc 
pendant  la  phase  de  decollage. 

Cette  condition  implique  de  rcaliser  une  regulation  qui  assure  les  foncti'ns  suivantes  : 

-  transfert  instantane  de  charge  des  2  moteurs  sur  un  seul 

"  puissance  maximale  disponible  dans  un  delai  tres  court  (regime  maximal  d ' urgence  ou 
2  1/2  minutes)  pour  des  raisons  evidentes  de  securite 

-  performances  en  transitoirc  permettant  cette  puissance  sans  pompage,  sans  instability 
et  sans  depassement  des  limites  autorisees  de  vitesse,  de  couple  et  de  temperature 
des  gaz. 

-  precision  d'affichage  de  cecte  puissance  do  fagon  a  evitcr  les  marges  excessives  preju- 
diciables  a  devaluation  des  performances  de  1 'helicoptere. 

-  fidclite  d'affichage  de  cette  puissance  a  la  fois  pour  des  raisons  de  security  et  pour 
eviter  le  depassement  des  limites  de  fonctionnement  du  moteur. 
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Cent  1 ' association  d'une  regulation  de  carburant  de  quality  ayant  dts  marges  confor tables  svant 
d^crochage  des  compresseurs  avec  une  bonne  combustion  en  regime  tranaitoire  qui  per met  de  remplir  ces 
fo notion®. 

Sur  le  HAKILA  la  solution  choisie  pour  le  regulation  consiste  en  un  rfigulaS-.eur  mixte  hydromecanique 
et  ^lectronique  qui  maintienc  la  viteBse  de  turbine  tibre  cons tan te  par  action  sur  le  debit  carburant 
avec  une  fonction  J 'anticipation  grace  a  une  liaison  avec  le  pas  general  de  1 'h4licopt£re. 

Noua  ne  rentrerons  pas  ici  dans  le  principe  ou  dans  le  detail  de  la  construction  du  regulateur,  ce 

n'est  pas  l'objet  de  1 'expose.  Nous  allons  plutot  examiner  ley  essais  a  mettre  en  oeuvre  pour  verifier 
qua  toutes  les  fonctions  4numerees  pr^c^d  eminent  sont  realiseee  d’tibord  sur  le  r^gviateur  seul,  ensuite 
sur  lc  moteur  au  banc  puis  sur  le  raoteuc  en  vol  et  enfin  comment  les  diffeeents  parametrea  specif iquer, 

^  1 ' utilisation  interviennent . 

a  -  E^®£i«_de_8 lmulation^Kur _ regulate ur 

Lea  premiers  essals  a  mettre  en  oeuvre  aonc  effectues  sol*  le  regulateur  seul  sur  un  banc  de  simu~ 
lation. 


A  partir  d'un  fonctionr.ement  stabilise  correspondent  a  une  croi3iere  a  vitesse  donnee  pat  exemplt. 
on  a  un  etat  de  charge  sur  le  meteor  qui  correspond  a  une  vitesse  du  generateur  de  yaz  Ng,  image  de  la 
puissance  soit  W^,  On  realise  alors  instantanement  un  echelon  de  puissance  par  une  simulation  de  charge 
sur  le  re^ulateur  a  pas  general  constant  jusqu'a  une  valeur  correspondante  de  puissance  qui  represente 
la  puissance  maximale  d'urgence,  e'est  a  dire  la  panne  d'un  moteur .  on  s'est  fixe  prealablement  le  temps 
minimum  pour  obtenir  cette  puissance,  lequel  represente  le  temps  mini  de  restoration  de  la  puissance  pour 
que  le  pilote  puisne  maintenir  1 'helicoptcre  en  vol  dans  la  phase  la  plus  critique. 


On  verifie  alors  sur.le  regulsteui  que  cc  temps  fixe  a  1,0  sue .  pour  le  MAKILA  n'est  pas  depasse 


et  on  controle  en  merne  temps  que  le  s'etablit  a  la  valeur  maximale  pred e ter minoe sans  que  le 
superieur  aux  limites  validees,  et  sans  oscillation  du  regulateur. 


ANg  soit 


On  realise  ainsi  grace  au  simulateur  le  controls  : 


-  de  la  disponibilite  do  la  puissance  maximale 

-  de  l'affichage  do  cette  puissance  sans  instability 

-  de  la  fidelite  et  de  la  precision  de  cet  affichage 
*■  de  la  rapidite  d'obtcntion  de  la  puissance  .naximale 


Ces  memes  easais  sont  ensuite  realises  en  simulant  toutes  les  conditions  d ' environnement  envisa- 

gets  ? 

.  temperature  de  carburant  fonction  du  domaine  de  temperature  ambiante  prevue  e'est  a  dire  de 
-50°C  a  *  50°C.  Er  fait  le  domaine  a  oonsiderer  s'etend  de  -50aC  a  +  70°C  pour  tenir  compte 
dee  temperatures  d ' impregnation  des  reservoirs  et  das  tuyauterres  d'un  helicoptcre  restant 
plusicurs  heures  sur  un  parking  ou  la  temperature  exterieure  e*t  de  +  50°C. 

.  pression  atmospherique  e'est  a  dire  alt  it jd£'-pr ession  donL  1' influence  se  fait  sentir  sur 
ur.  dispositif  de  controle  d 'acceleration  qui  elabore  une  loi  du  debit. 

Les  essais  au  banc  consistent  a  erjblir  cette  loi  i>our  un  fonctionnement  au  sol  de  sorte 
qu'tlle  couvre  1 'ensemble  du  domaine  en  altitude.  Les  verifications  sont  faites  ulterieure- 
ment  lors  des  essais  en  vol. 
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.  conditions  d ’alimentation  du  moteur  en  carburant,  c'est  a  diie  les  conditions  de  preseior. 
ou  de  depression  a  1' aspiration  de  la  pompe  HP. 

On  fait  done  variet  pour  cela  le  debit  et  la  pression  a  1 'entree  pour  simuler  le  fonction- 
nement  avec  et  sans  pompe  de  gavage  et  on  verifie  que  l'on  obtient  le  Ng  maxi  dans  ces 
conditions . 

,  type  de  carburant 

La  variete  des  carburants  a  utiliser  est  la  aussi  une  dec  caracter ist iques  de  1 'utilisation  des 
turbomoteurs  d 'helicopteres  du  fait,  bien  entendu,  de  la  multiplicity  des  ut ilisateurs,  des  regions  et 
des  disponibilites  :  depuia  les  carburants  approuves  pour  1 1  utilisation  normale  Jet  Al,  JP8,  JP4  et  JP5 
jusqu'aux  carburants  de  r emplacements  avec  restrictions  d'emploi  tels  que  le  gaz-oil  routier  ou  1 'essence 
aviation. 

Les  essais  decrits  ci-dessus  sont  done  effectues  successivement  avec  les  divers  carburants  prevus 
en  utilisation  pour  verifier  les  performances  du  regulateur  au  banc  et  definir  les  eventu^lles  limitations 
d'emploi. 

b  -  Essais_sur  moteur _au_banc_ 

Lorsque  la  mise  au  point  du  regulateur  au  banc  de  simulation  est  terminee  il  faut  verifier  cette 
fois  sur  moteur  complet  que  toutes  les  fonctions  sont  bicn  realisees  avec  la  charge  representee  par  un 
frein  sur  l'arbre  de  sortie  moteur.  La  difference  essentielle  avec  1 ' installation  sur  helicoptere  est 
l'inertie  entre  la  frein  du  banc  et  la  transmission  jusqu'au  rotor. 

Du  fait  de  l'inertie  et  de  la  regulation  de  charge  du  frein  la  fonction  temps  d ’etablissement  de 
la  puissance  maximale  ne  peut  etre  controlee  au  banc.  On  controls  par  contre  la  valeur  de  cette  puissance, 
e'est  a  dire  en  fait  la  valeur  du  Ng  maxi  en  augjnentant  progressivement  la  charge  du  frein. 


On  verifie  ainsi  que  la  valeur  de  Ng  se  trouve  entre  les  limites  suivantes  correspondant  a  l1 en¬ 
semble  du  domaine  de  fonctionnement  : 

-  limite  thermique  maximale  validee  pour  le  moteur 

-  limite  pour  obtenir  la  puissance  maximale 

c  -  Lssais  sue  moteur  er  vol 

Tous  les  essais  pr eliminaires  etart  effectues  on  considcre  que  toutes  les  garanties  sont  pri¬ 
ses  pour  obtenir  en  vcl  ia  puissance  maximale  d'urgence  mais  il  reste  a  le  verifier  et,  en  particulier, 
a  determiner  quelle  est  1' influence  de  l'inertie  de  la  transmission  et  du  rotor  de  1 'hel icoptere  sue  la 
reponse  du  renulateur,  ce  qui  n'avait  pu  etre  fait  au  banc. 

Cette  verification  ia.lt  l'objet  d'une  campagne  d'essais  sut  helicoptere  ou  l'on  realise  la  ma¬ 
nipulation  suivante  :  a  pas  constant  en  montec  en  bi-moteur  on  r  ament*  brutalement  la  manette  de  commande 
du  debit  ac  carburant  d '  un  des  motcurs  dc  la  position  "regulation"  b  la  position  "ralent l-vol "  correspon¬ 
dent  a  un  ccan  et  l'on  observe  1 'evolution  des  pararoctres  :  N^.  du  2o  moteur  et  N  rotor  pr incipalement . 


ESSAIS  (UR  MOTEUR  EN  VOL 

ENGINE  FLIGHT  TESTS 


L'evolution  du  permet  done  finalement  de  s'assurer  que  le  fcransfert  de  puissance  s'effectue 
bien  sue  le  moteur  restant  et  qu'il  delivre  bien  la  puissance  necessaire  a  la  poursuite  du  vol  dans  un 
temps  compatible  avec  les  conditions  etablies  sans  oscillation  ni  depassement  des  iimites  approuvees • 
Cette  meme  verification  doit  ensuite  etre  menee  sur  un  nomfcre  significatif  de  regulateurs  et 
dans  toutes  les  conditions  revendiquees  a  savoir  : 

-  altitude 

-  differents  types  de  carburant 

-  carburant  chaud  et  froid 

-  panne  de  pompe  de  gavage 

Ce  parcours  complet  etant  acheve,  on  est  assure  d’avoir  couvert  tous  les  types  d *  utilisation  en¬ 
visages  avec  le  maximum  de  garanties. 

5,2,  Essai  d ‘endurance  ea  cycles  de  vol-type 

Le  deuxieme  exomple  touj<  s  tire  du  programme  de  developpement  MAKILA  concerne  l'endurance 
du  moteur  en  cycles  que  nous  avons  convenu  de  designer  "vol-type". 

Comme  nous  I'avons  vu  precedemment  la  variete  importante  des  utilisations  de  1 ' helicoptere 
rend  difficile  la  determination  d'un  seul  et  meme  profil  de  mission,  il  est  done  necessaire  de  faire  cer- 
taines  hypotheses  s implicatr ices .  En  fait  le  profil  de  vol-type  quel  qu’il  soit  constitue  unt  reference 
a  partir  de  laquelle  il  est  possible  de  determiner  les  influences  de  tel  profil  plus  ou  moins  severe. 


La  base  de  depart  est  constitute  pat  le  ou  les  spectres  d ' utilisation  de  1 'helicoptere  ex¬ 
prime  en  puissance  totale  a  1 'entree  BTP  et  calcule  pour  la  masse  maximale  en  conditions  Standard.  L'exem- 
ple  suivant  est  donne  pout  la  simulation  d'une  utilisation  civile  de  transport.  D'autres  simulations  peu- 
vent  exister  pour  des  utilisations  plus  sevetes,  en  particulier  militaires. 


liers. 


Cfi  SriOQhro  COt 


syr.theli&e  tc  ramene  en  puissance  par  moteur  avec  les  temps  aux  differents  pa- 


SPECTflE  TYPE  TRANSPORT  CIVIL 
CIVIL  TRANSPORT  TYPC  SPECTRUM 


PROFIL  Dg  CYCLE  0  I  SSAI 
TEST  CYCLt  PROtlLt 


RaWntl  lol 

Ground  td/* 

•1  mn 
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mm 
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LavM  Right  0.7  VNE 
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LavM  Right  O  BS  VNE  and  hQ*r  IGE 
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Awxocha.  flat «.  ttaiionni'r*  HES 
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On  on  doduit  un  cycle  type  pour  le  moteur  dont  la  duree  total c*  a  cte  chuia ie  a  30  minutes.  Co  cy¬ 
cle  de  reference  correspond  aux  Conditions  Standard  au  niveau  do  la  mer  et  il  faut  done  simuier  l'utilisa- 
tion  du  irotcur  a  des  conditions  thermiquus  plus  severer,  a  cut  effet  une  par  tie  ties  cyclf-s  est  realistic 
a  Standard  +  20°C  et  une  autre?  part  u»  a  Standard  +  35°C  cor respondant  a  la  liroite  du  domaine  dc  fonction- 
nement  pour  le  moteur .  4  000  cycles  de  30  minutes,  e'est  a  dire  2  000  houres  d'essai  ont  ainsi  etc*  reali- 
sees .  La  simulation  du  function  dement  a  temperature  ambiante  cl  eve  cst  realised  d'une  part  en  augment ant 
la  vitcsse  du  qen**ratcur  de  gaz  poui  obtenir  la  puissance  cor rosponcianto  au  Ltd  et  d'autre  port  en  el  fee- 
tuant  un  pi  elevcment  d'air  dorrioro  In  conipresseur  cent r l 1 uge  de  fayon  a  obtenii  la  temperature  d  entree 
Lurhinn  cor  icnnondant  au  f  onctionnement  a  Standard  ^  2lt°C  et  h  35°C. 

I,' ensemble  de  ces  dispositions  Jut  fairc  1 'objet  de  I'accord  des  Services  Officiels  franyais  et 
d'ailleurs  cc  type  d'essai  est  realise  la  plupart  du  temps  au  Centre  d’fc'ssais  des  Propulseurs  a  Saclay 
sous  la  surveillance  directe  de  ces  Services,  ce  qui  fut  le  cas  pour  le  MAKILA. 

Lc  but  principal  de  cet  essai  etant  de  verifier  1 'endurance  des  elements  du  moteur  pour  le  poten- 
tiel  envisage  des  dcroontages  teguliers  sont  effectues  pour  controler  l'etat  des  pieces.  On  prof i to  egale- 
ment  de  cot  essai  pour  mettre  au  point  et  validcr  les  methodes  d'entretien  :  inspections  periodiques  par 
endoscope,  lavage  compresseur  etc... 

5.3.  Essai  d1 ingestion  d'eau  salee  et  de  susceptibi 1 i te  a  la  corrosion 

Une  des  utilisations  les  plus  importantes  de  1 'helicopter*  sur  le  plan  civil  est  le  trans¬ 
port  "off-shore"  pour  les  liaisons  avec  les  plate-formes  dc  foiage  en  mer. 

Un  turbomoteur  d 'helicopter e  doit  done  ctre  capable  de  resister  a  1 'agr cssivite  de  1' atmos¬ 
phere  saline  sans  pour  autant  avoir  des  caracter istiques  technolog iques  ou  de  construction  specifigues 
a  1 ' ut i lisation  marine.  En  effet  conune  nous  l'avons  vu  precedemment  la  polyvalence  des  helicopteres  ne¬ 
cessity  que  le  tui-^^teur  puisse  s'adapter  a  toutes  les  conditions  d 'envi ronnement  envisagees  et  il  est 
done  prevu  dans  le  pcograiiui-  general  dcs  essais  d'ingestior.  d'eau  salee  et  de  susceptibili te  c  la  corro¬ 
sion. 

Ces  essais  sont  empruntes  aux  Specifications  pour  les  moteurs  militaires  Britanniques 
D.Eng-RD  2100  ou  Americains  MIL-E-8593-A  destines  a  couvrir  les  utilisations  marines. 

5.3.1,  Essai  d* ingest  ion  d'eau  salee 
Cycle_ 

PHASE  DUREE  EN  MINUTES  FONCT IONNEMENT  INJECTION  D’EAU  SALEE 


INJECTION  D'EAU  SALEE 


Par ticllc 


Cumulee 


Regime  Puissance  Dccollage 
Regime  Puissance  Maximale 
cont inuc 
Ralenti 


Marche 

Marche 


4  2  accelerations  du  ralenti 

au  regime  docollage  Arret 

5  -  Conlrole  des  performances  Arret 

Le  debit  d'eau  injecto  a  etc  regie  a  0,0  1/h,  il  est  reparti  un iformement  dans  1  'entree  d'air 
au  moyen  d'un  injecteut  calibre. 


v-  i.  pall 

In.  I.'  1  I  AF.I.A'1  lofj 
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EEEAI  O'INQEtTKM  D'EAU  EALEE 
SALT  WATCH  IHGCSTIOH 


frrT  LAVAGE  WASHING 


20  cycles  de  ?u  minutes,  soit  10  heures  d'essai  sont  ainsi  realisees.  Ces  essais  sont  mis  a  profit 
a  la  foie  pour  verifier  ]e  comportement  des  organes  internes  du  moteur  k  la  corrosion  par  le  sel  et  pour 
"mesurer"  l'efficacite  des  methodes  de  lavage  du  moteur. 

Deux  lavages  avaient  ete  prevus  tous  les  2  cycles  avec  un  melange  d'eau  demineralisee  et  d’un  inhi- 
biteur  de  corrosion  a  2%.  Le  lavage  s'effectue  moteur  en  fonctionnement  au  ralonti  pendant  5  minutes,  la 
quantite  injectee  est  d'er.viron  5  litres. 

Apres  le  lavage,  le  moteur  est  protege  par  injection  dans  l'entree  d'air  pendant  1 ‘auto-rotation 
d'un  produit  hydrofuge  pur. 

Un  releve  des  performances  est  effectue  au  debut  et  a  la  fin  de  chaque  cycle  et  Gi  l'on  observe 
l'evolution  des  parametres  debit  d'air,  rapport  de  pression,  temperature  d’entree  turbine,  puissance  et 
consolation  on  pcuL  ; 

-  mesurer  la  perte  eventuelle  de  performances 

-  determiner  les  organes  du  moteur  qui  se  degradent 

-  evaluer  l'efficacite  de  la  methode  et  du  produit  de  lavage 

On  observe  que  la  perte  de  performances  due  a  1 'encrassement  par  le  sel  est  importante,  jusqu'a 
12,5%  sur  la  puissance  mais  que  la  lavage  effectue  permet  de  restaurer  les  performances  initiales  (  et 
meme  plus  du  fait  que  le  moteur  d'essai  n'etait  pas  "neuf")  . 

Sur  le  MAKILA  ces  essais  ont  permis  de  mettre  au  point  notamment  une  rampe  de  pulverisation  instal- 
lee  a  poste  fixe  sur  1 ' helicoptere,  l'injection  du  produit  de  lavage  pouvant  meme  etre  comma. idee  dupuis 
le  poste  pilote. 

5.3.2.  EBsai  de  susceptibilite  a  la  corrosion 

D'essai  sc  dcrculc  de  la  fagon  suivarite  ; 

Protection  interne  et  externe  du  moteur  : 

-  injection  en  ventilition  de  0,5  1  d'un  produit  hydrofuge  a  l'interiaur  du  moteur 

-  pulverisation  externe  de  0,6  1  de  ce  meme  produit 

2  heures  apres  la  protection  injection  d’eau  salee  en  ventilation  jusqu'a  ce  qu'un 
brouillard  £pais  sorte  en  continu  pendant  1  minute  au  moins  par  la  tuyere 

pulverisation  externe  du  moteur  avec  la  solution  d'eau  salee 

obturation  des  orifices  d'enfr6e  d'air,  de  tuyere  et  de  vanne  de  decharge 

le  moteur  reste  ainsi  impregne  pendant  une  semaine  puis  on  recommence  la  meme  opera¬ 
tion  sans  protection  prealable  et  on  laisse  k  nouveau  l'eau  salee  agir  pendant  une 
semaine 

a  la  fin  de  la  seconde  semaine  le  moteur  est  demont£  pour  etablir  l'etendue  et  1 'em¬ 
placement  des  zones  corrodees. 

Cet  essai  tres  severe  permet  de  preciser  aprka  analyse  quelles  sont  les  modifications  a  apporter 
pour  obtenir  une  protection  efficace. 


a) 

b) 

c) 

d) 

e) 

f) 


♦5'1 wfta*. 
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On  observe  gar  exempie  les  zones  ou  le  sel  s'est  depose  sans  corrosion  et  les  zones  telles  qu<_ 
certcins  plans  de  joints  qui  necessitent  une  protection  plus  efficace. 


6  -  CONCLUSION 

Les  contraintes  de  differentes  natures  qui  sont  imposees  au  constructeur  d'un  raoteur  d 'helicoptere 
pour  repondre  aux  exigences  tant  reglementaires  qu 'operationnelles  necessitent  d'etablir  un  progrararae 
d'essai  qui  s'approche  au  plus  pres  de  1' utilis? tion. 

Nous  avons  essaye  dans  cet  exposd  de  montrer  par  quelques  exemples  tires  du  programme  MAKILA  comment 
ces  exigences  se  traduisaient  dans  la  pratique  des  essais. 

C'est  en  restant  attentif  aux  besoins  des  utilisateurs  d 'helicopteres  que  le  conBtructenr  pent  net- 
tre  en  service  des  moteurs  toujours  mieux  auaptes  au  marcne,  toujnurs  plus  performants,  fiables  et  econo- 
miques. 


AIRCRAFT  TURI3 INK  ENGINE  DEVELOPMENT  -  CURRENT  PRACTICES  AND  NEW  PRIORITIES 

by 


CIuilIos  C.  Crawford,  Jr. 

Director  of  Development  and  Qualification 
U.S.  Army  Aviation  Research 
and  Development  Command 
4300  Goodfellow  boulevard 
St.  Louis,  MO  U.S. A.  63120 


William  J.  Crawford,  111 
Vice  President  and  General  Manager 
Militaiy  Engine  Projects  Division 
General  Electric  Company 
1000  Western  Avenue 
Lynn,  MA  -  U.S. A.  01910 


SUMMARY 


The  T700  engine  program  was  conducted  during  the  1970s  and  is  therefore  represent!.! ’ ve  of 
recent  practices  employed  in  the  development  of  turboshaft  engines  for  U.S.  military 
application.  The  engine,  which  is  in  the  1,600  horsepower  class,  recently  entered  service 
in  the  twin-engine  U.S.  Army  U11-60A  Black.  Hawk  helicopter.  The  T700's  field  introduction 
follows  an  extensive  program  of  technology  demonstration,  development,  qualification  and 
maturity,  which  was  conducted  by  the  General  Electric  Company  under  contract  with  the 
United  States  Army.  The  paper  surveys  requirements  applied  in  the  T700  program  and 
associated  benefits,  challenges  and  penalties.  Suggested  improvements  for  future  pro¬ 
grams  are  offered,  and  technology  needs  revealed  during  T700  devc lopment  are  identified. 
Post-qualification  maturity  testing,  which  was  conducted  to  provide  early  exposure  of 
high-time  failure  modes,  is  described.  Program  features  which  are  important  for  maximum 
development  costs  payback  are  summarized. 


SECTION  I 

PROGRAM  REQUIREMENTS 
by  Charles  C.  Crawford,  Jr. 

This  section  describes  major  development  and  qualification  requirements  which  had  their 
first  U.S.  Army  application  in  the  T700  program.  General  turboprop  specifications  from 
the  1950s  were  the  starting  point  in  developing  these  requirements.  The  specifications 
were  updated  with  requirements  subsequently  generated  for  new  U.S.  Air  Force  and  U.S.  Navy 
engine  programs,  and  incorporated  unique  Army  requirements  based  on  then  current  helicopter 
operational  experience.  The  resulting  document  was  included  in  the  Army’s  request  to 
industry  in  1971  for  an  engine  to  power  the  planned  Utility  Tactical  Transport  Aircraft 
System  (UTTAS)  ._ 

Under  the  performance  requirements,  30-minute  Intermediate  Rated  Power  (IRP)  and  Maximum 
Continuous  Power  (MCP)  ratings  were  specified.  This  approach,  plus  the  use  of  maximum 
continuous  limits  for  the  drive  system,  would  virtually  eliminate  the  pilot's  concern  for 
exceeding  time-at-power  limitations.  At  sea  level  standard  day  conditions,  minimum  IRP  of 
1,500  horsepower  was  required.  A  minimum  acceptable  level  of  power  to  be  available  at 
4,000  feet/95°F  (1219M/35°C)  was  also  specified  to  ensure  that  the  UTTAS  could  perform 
its  primary  mission  under  altitude  and  hot  day  conditions.  The  U.S.  Army  considers  that 
the  4,000  feet/95°F  capability  will  permit  operation  over  95%  of  the  world.  Maximum 
allowable  specific  fuel  consumption  at  60%  power  was  defined  to  ensure  selection  of 
engine  cycle  parameters  which  would  minimize  fuel  consumption  at  helicopter  cruise  con¬ 
ditions.  Those  requirements,  plus  maximum  allowed  engine  weight,  established  the  turbine 
inlet  temperature,  pressure  ratio  and  airflow.  The  specifications  required  extensive 
altitude  engr.ne  testing  to  verify  performance  guarantees  throughout  the  operating 
envelope.  Minimum  engine  performance  is  documented  by  a  computer  program  which  is  used 
to  define  aircraft  operator's  manual  performance  data  and  to  generate  power  available 
data  when  considering  new  engine  applications. 


Regarding  the  control  systems,  the  UTTAS 
engine  specification  contained  several 
requirements  intended  to  reduce  pilot  work¬ 
load  and  to  automatically  provide  over¬ 
speed  and  overtemperature  protection.  These 
features  allow  the  pilot  to  devote  maximum 
attention  to  mission  accomplishment  and  tc 
minimizing  vulnerability.  Constant  power 
turbine  speed  governing  requirements 
allowed  no  more  than  3%  speed  variation 
during  transients  and  no  more  than  1% 
during  steady  state  operation.  Torque 
matching  requirements  specified  a  capability 
to  automatically  match  the  output  shaft 
torque  of  all  engines  in  a  multi-engine 
installation  within  5%  of  the  torque  avail¬ 
able  from  a  single  engine  at  MCP.  In 
addition  to  primary  control  speed  limiting, 
a  secondary  system  was  required  to  auto¬ 
matically  limit  power  turbine  overspeed  in 


Hughes  AH-64  AAH  on  Simulated  N-O-E  Mission 


the  e^ent  of  total  loss  of  load  (output  shaft  failure,  etc.).  Direct  turbine  gas 
temperature  limiting  was  also  required. 

Cold  weather  operation  with  earlier  generation  helicopters  revealed  the  need  for  more 
stringent  cold  starting  requirements.  As  a  result,  the  UTTAS  engine  specification 
called  for  starting  with  -65°F  (-54°C)  JP-4  fuel  and  with  12  centistoke  (12  nun^/s)  JP-5 
fuel.  A  cold  temperature  starting  and  acceleration  test  was  specified  which  required 
four  successive  starts  at  each  of  these  conditions.  The  starts  were  to  be  preceded  by 
a  ten-hour  cold  soak  after  the  main  bearings  had  reached  test  temperature.  The  JP-5 
requirement  also  provides  an  improved  JP-8  cold  starting  capability  relative  to  older 
U.S.  Army  engines. 

The  UTTAS  engine  requirements  also  included  new  engine  life  ciiteria.  For  example, 
5,000-hour  design  life  to  a  power  spectrum  which  specified  15%  time  at  IRP  was  required. 
The  specification  called  for  increased  endurance  testing;  two  150-hour  qualification 
tests,  with  50%  time  at  IRP.  Hence  a  thorough  evaluation  of  hot  section  stress  rupture 
life  could  be  obtained.  Tightened  allowable  performance  degradation  requirements  were 
introduced  to  reduce  performance- loss  damage  such  as  turbine  airfoil  high  temperature 
erosion  and  seal  wear.  The  endurance  tests  also  incorporated  a  requirement  to  verify 
stable  operation  with  a  wide  range  of  aircraft  rotor  systems.  Maximum  and  minimum 
allowable  power  absorber  polar  moment  of  inertia  and  torsional  spring  constant  were  to 
be  specified  and  the  two  endurance  tests  performed  with  power  absorbers  having 
characteristics  at  the  maximum  and  minimum  limits. 

In  recognition  of  the  frequent  power  transients  associated  with  helicopter  operation,  the 
specification  contained  Low  Cycle  Fatigue  (LCF)  design  and  test  requirements.  The  test 
was  approximately  400  hours  in  length  and  consisted  of  3,500  rapid  power  transients. 
Approximately  three  minutes  of  steady-state  running  were  required  after  each  transient. 

One  of  the  most  common  causes  for  early 
removal  of  helicopter  engines  is  performance 
loss  due  to  sand  erosion  or  Foreign  Object 
Damage  (FOD) .  in  recognition  of  this 
problem,  an  integral  inlet  particle  sep¬ 
arator  was  required.  The  qualification 
requirement  consisted  of  a  50-hour  sand 
ingestion  test,  during  which  80  lb  (36.2  kg) 
of  sand  were  ingested.  Hourly  transients 
were  required  to  check  for  loss  of  stall 
margin.  Maximum  allowable  power  and  SFC 
losses  at  test  completion  were  specified. 

New  fuel  system  durability  tests  of 
increased  severity  were  also  required  in 
the  UTTAS  engine  specification,  including 
a  300-hour  test  with  highly  contaminated 
fuel.  Also  required  was  a  300-hour  fuel 
boost  pump  cavitation  test  at  maximum 
speed  and  flow  conditions. 

Because  of  the  combat  environment  envisioned 
for  the  UTTAS,  emphasis  was  placed  on 
vulnerability  and  survivability  criteria.  These  included  a  nonvisible  smoke  limit  and 
test,  projectile  damage  design  criteria,  and  loss  of  oil  requirement  and  test.  A  suction 
fuel  system,  which  dictates  below-ambient  fuel  pressure  at  the  engine  inlet,  was  also 
incorporated  in  the  UTTAS  engine  requirements.  The  absence  of  pressurized  fuel  in  the 
aircraft  lines  greatly  reduces  the  potential  for  serious  post-crash  or  post-ballistic- 
impact  fire. 

The  importance  of  keeping  the  engine  operationally  ready  was  also  acknowledged  by 
including  maintainability,  condition  monitoring,  and  fault  isolation  requirements.  These 
included  guaranteed  component  replacement  times,  a  maintainability  demonstration,  bearing 
accelerometers,  a  history  recorder,  and  erosion/foreign  object  damage  indicators. 

Lessons  Learned  and  Future  Program  Considerations 

This  section  summarizes  lessons  learned  from  development,  qualification  and  fielding  of 
the  T700-GE-700  engine.  Regarding  performance,  the  UH-60A  has  met  its  objectives  and 
the  T700  has  been  a  major  contributor.  Particularly  noteworthy  is  the  improved  part- 
power  fuel  economy.  The  T700  provides  approximately  30%  lower  specific  fuel  consumption 
than  previous  generation  Army  engines  of  the  same  power  class,  a  significant  feature  with 
today's  emphasis  on  fuel  conservation. 

Advanced  performance  and  weight  requirements  must  be  carefully  selected  because  they 
strongly  influence  unit  cost,  producibility ,  durability,  and  power  growth  capability. 
Engine  weight  increases  (with  compensating  IRP  increases)  were  incorporated  during  the 
T700  program  in  order  to  control  cost  and  introduce  life  improvements.  The  complex 
designs  required  to  achieve  advanced  technology  tend  to  impact  engine  producibility. 
Emphasis  must  be  placed  on  durability  because  hardware  designed  to  meet  challenging 
performance  and  weight  requirements  is  prone  to  rapid  degradation  in  the  demanding 
military  operational  environment.  The  following  examples  illustrate  this  point.  High 
work  compressor  stages  typically  require  airfoils  with  sharp  leading  edges,  which  are 
vulnerable  to  erosion  or  foreign  object  peening  with  resultant  performance  loss. 


Sikorsky  UH-6U£  BlaCk  Hawk  in  Operation  in 
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Compressor  design  should  provide  adequate  stall  margin  after  decrements  for  production 
hardware  variations,  field  deterioration,  and  installation  effects  are  applied.  Close 
clearances  increase  the  potential  for  performance  loss  due  to  rubs  and  for  airfoil 
fatigue  due  to  rub-induced  excitations.  Close  clearances,  plus  the  super-critical 
rotational  speeds  of  small  engines,  dictate  emphasis  on  accurate  rotor  balance  at 
assembly  and  on  design  features  which  retain  proper  balance  in  the  field.  The  small 
orifices  and  passages  of  hot  section  cooling  schemes  are  vulnerable  to  plugging  by 
ingested  sand  particles,  oxidation,  or  upstream  loss  or  rub  coating.  Design  attention, 
as  well  as  technology  advances,  are  needed  to  reduce  the  magnitude  of  these  effects  in 
small,  high  performance  turbine  engines. 

In  addition  to  performance /weight  vs.  cost,  producibility ,  and  field  durability  trade¬ 
offs,  there  is  also  an  important  performance/weight  vs.  power-growth-potential  trade¬ 
off  which  should  be  considered  in  establishing  requirements.  High  turbine  temperature 
associated  with  advanced  performance  goals  increases  the  difficulty  of  subsequent 
temperature  increases  for  growth.  The  integral  inlet  separator  adds  to  the  growth 
challenge  by  inhibiting  airflow  increase  through  addition  of  compressor  stages.  The 
first  step  of  T700  power  growth  is  being  met  with  the  Navy  T700-GE-401  and  Army 
T700-GE-701  engines,  primarily  by  increased  turbine  temperature.  Further  growth  will 
require  technology  advances  in  such  areas  as  power-turbine-driven  booster  staging  and 
high  temperature  durability  of  small  turbine  airfoils. 

The  T700  control  system  was  successful  relative  to  the  goal  of  relieving  pilot  workload. 
However,  the  aircraft  test  program  revealed  that  constant  speed  governing  contributed 
to  helicopter  rotor  speed  droop  following  large  collective  pulls  with  the  rotor 
decoupled.  The  collective  pull  causes  power  turbine  speed  to  increase  slightly  prior 
to  main  rotor  reengagement.  As  a  result,  fuel  flow  is  reduced  by  the  governor,  thus 
amplifying  the  droop  tendency  following  reengagement.  Further  advances  in  control 
system  technology  are  needed  to  provide  improvements  in  this  area.  In  the  future, 
engine  testing  which  simulates  autorotation  and  subsequent  reengagement  is  needed  to 
evaluate  the  effects  of  these  conditions  early  in  the  development  program.  The  power 
turbine  overspeed  control  system  successfully  prevented  excessive  overspeed  in  a 
qualification  test  designed  to  verify  this  capability.  Subsequent  analysis  indicated 
that  at  high  altitudes  peak  speed  reached  following  load  loss  could  exceed  minimum  burst 
speed.  Design  changes  being  incorporated  in  the  T700-GE-701  will  ensure  overspeed 
protection  at  extremes  of  the  operating  envelope  as  well  as  at  normally  encountered 
altitudes . 

The  durability  testing  was  quite  successful  in  finding  and  fixing  problems  before  pro¬ 
duction.  The  endurance,  LCF,  and  sand  erosion  tests  were  all  beneficial  for  this 
purpose.  However,  LCF  testinq  was  not  initiated  until  the  final  year  of  tiie  development 
program.  Prior  endurance  tests  were  to  the  150-hour  test  cycle,  which  is  mostly  at 
steady-state  conditions.  Earlier  cyclic  testing  would  have  further  increased  the 
number  of  LCF  fixes  incorporated  into  the  first  production  engine.  Also,  subsequent 
experience  has  shown  that  the  bearing  and  power  takeoff  components  of  advanced  small 
engines  require  additional  evaluation  beyond  that  provided  by  engine  endurance  testing. 
Lube  system  simulator  plus  instrumented  engine  testing  should  be  conducted  early  in 
the  development  program  to  define  the  operating  environment  of  these  components. 

Fatigue  testing  of  critical  elements  should  be  performed  to  establish  life. 

There  are  several  tradeoffs  associated  with  making  the  Inlet  Particle  Separator  (IPS) 
an  integral  part  of  the  engine,  in  addition  to  the  growth  constraint  mentioned  above. 

The  integral  approach  has  the  major  advantage  of  development  and  qualification  of  the 
IPS  with  the  hardware  it  is  designed  to  protect.  However,  the  integral  IPS  increases 
the  engine  anti-icing  air  requirements,  with  a  resultant  power  penalty  in  icing  con¬ 
ditions.  It  imposes  constraints  on  aircraft  inlet  design  by  requiring  interface  with 
IPS  features  and  may  prevent  inlet  optimization  for  multi-engine  installations.  It 
cannot  be  removed  when  extended  operation  from  improved  airfields  is  envisioned.  Hence 
the  inherent  weight  and  inlet  pressure  loss  penalties  associated  with  any  inlet  pro¬ 
tection  system  are  always  present  with  an  integral  design.  The  scavenge  passage  of  the 
engine-integral  approach  can  be  a  path  for  reingestion  of  debris  or  exhaust  gas  into 
the  compressor  inlet.  In  view  of  these  tradeoffs,  the  integral  IPS  question  should 
be  carefully  considered  for  each  new  program.  It  is  still  considered  the  correct 
approach  for  U.S.  Army  engines.  However  emphasis  in  future  programs  should  be  placed 
on  minimizing  the  adverse  tradeoffs  cited  above. 

The  suction  fuel  system  capability  has  been  achieved  by  the  T700/UH-60A  system,  with 
resulting  major  safety  benefits.  However,  the  aircraft  development  effort  revealed 
the  need  for  the  following  special  design  and  test  considerations.  During  aircraft 
operation  with  hot  JP-4  fuel  at  high  altitude,  air  is  released  in  the  aircraft  fuel 
lines,  especially  at  locations  where  large  pressure  drops  occur.  This  air  can 
accumulate  in  horizontal  lines  and  may  be  released  as  a  large  bubble  into  the  engine 
fuel  boost  pump,  resulting  in  flameout.  Suction  fuel  delivery  systems  should  be 
designed  to  minimize  these  effects.  Shutdown  in  hot  ambient  conditions,  plus  engine 
heat  soakback  into  the  fuel,  can  also  cause  vapor  buildup  in  a  suction  system,  with 
resultant  starting  problems.  Fuel  system  leaks  are  a  source  of  air  entrainment  with 
a  suction  system.  Leakage  checks  should  place  the  fuel  system  under  a  vacuum  to  simu¬ 
late  actual  conditions.  Because  of  the  strong  instal lotion  influence  on  suction  fuel 
system  performance,  the  aircraft/engine  interface  conditions  should  be  defined  as 
completely  as  possible.  Specifically,  the  engine  program  should  include  a  suction  fuel 
system  for  the  altitude  performance  testing  to  provide  engine  test  verification  of  the 
pump's  capability  under  high  V/L  conditions.  The  aircraft  program  should  include 
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verification  that  fuel  temperature  and 
vapor  content  at  the  engine  inlet  are  no 
higher  than  the  engine  requirements  through¬ 
out  the  operating  envelope. 


Early  data  following  fielding  of  the  UH-60A 
indicate  that  the  T700  maintainability 
features  will  provide  a  significant  improve¬ 
ment  in  operational  readiness.  The  engine 
is  being  maintained  as  an  on-condition 
system  without  a  scheduled  overhaul  inter¬ 
val.  Required  inspections  are  limited  to 
a  10-hour  check  of  condition-monitoring 
features  and  a  500-hour  "on-wing"  borescope 
inspection.  Many  of  the  fault  indication 
ideas  evaluated  in  development  proved  not  to 
be  feasible  for  production  due  to  limited 
accuracy,  questionable  reliability  and  adverse  impact  on  engine  cost  and  weight.  The 
history  recorder  on  the  production  engine  has  counters  to  record  engine  hours,  power 
transients,  and  time/temperature  effect.  The  modular  design  of  the  T700  plus  the  avail¬ 
ability  of  these  life  usage  indicators,  dictates  improved  record-keeping  in  the  field 
to  ensure  that  life  usage  data  on  removed  modules,  as  well  as  engines,  are  maintained. 

If  this  difficulty  can  be  overcome,  the  history  recorder  will  provide  a  much  more 
accurate  means  for  monitoring  hardware  life  compared  to  the  traditional  approach  based 
only  on  engine  operating  hours. 


Two  T700-GE-700  Turboshaft.  Engines  Of 
1,560  Shaft  Horsepower  are  Installed 
in  the  UH-60A  and  AH- 6 4 


Conclusion 

The  T700  engine  was  developed  and  qualified  to  meet  several  new  U.S.  Army  requirements. 
The  resultant  configuration  is  already  providing  far-reaching  benefits.  Lessons 
learned  from  the  program  will  be  applied  in  the  definition  of  future  engine  spec.fi- 
cations,  as  part  of  the  continuing  process  of  optimizing  requirements  for  the  unique 
military  helicopter  environment. 

SECTION  2 

ENGINE  DEVELOPMENT  PROGRAMS 
by  william  j.  Crawfoiu,  Hi 

This  section  discusses  the  T700  engine  development  program  generated  in  response  to  the 
U.S.  Army  requirements  as  described  in  the  previous  section  of  this  paper.  It  is  pre¬ 
sented  from  the  engine  contractor's  point  of  view. 


Of  all  the  many  influences  involved  in  the  success  of  a  development  program,  there  are 
three  factors  of  major  importance  from  the  engine  contractor's  viewpoint: 

•  He  must  have  an  established  Technology  Base  from  which  to  draw  for  program 
development  and  engine  design 

•  He  must  have  a  thorough  understanding  of  the  customer's  needs 

•  He  must  have  the  benefit  of  "Value  Added  Management"  depth  to  meet  the 
challenges  requiring  innovation  and  invention. 

From  the  beginning  of  the  UTTAS  engine  effort,  the  process  followed  by  Army  program 
management  was  directed  to  reducing  the  risk  of  applying  state-of-the-art  technology. 
Advance  verification  of  the  performance  of  small  engine  components  was  critical  to 
the  decision  to  proceed  to  full-scale  development  since  the  higher  pressures  and  temp¬ 
eratures  required  had  not  previously  been  achieved  in  this  size  engine.  Evolution  of 
the  engine  progressed  through  several  years  of  component  development  followed  shortly 
thereafter  by  a  competitive  4-year  engine  demonstrator  program  that  lead  to  the  full- 
scale  development  program. 
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Engine  Evolution 


General  Electric  approached  the  performance 
challenges  presented  by  the  small  engine 
design  by  adapting  technologies  already 
developed  and  proven  on  its  large  com¬ 
mercial  and  military  engines.  These 
adaptations  were  combined  with  ideas 
developed  through  Army-sponsored  small 
engine  research  and  were  subsequently 
component-tested  in  the  initial  stages  of 
the  program. 

Once  these  component  technologies  were 
successfully  run  in  the  demonstrator 
engine  program,  GE  set  out  to  define 
customer  needs  for  its  own  perspective  in 
order  to  determine  total  engine  design 
that  would  be  responsive  to  the  user's 
operational  needs.  Consultations  were 
held  with  Army  personnel  at  every  level 
and  discipline  to  evolv'  the  overall  engine 


design  features,  later  to  be  proposed  as  the  T700  design.  Additional  perspective  in 
maintainability  was  obtained  by  conducting  an  Army-critiqued  "maintenance  demonstration" 
on  the  performance-oriented  demonstrator  engine.  This  gave  the  design  areas  hands-on 
experience  with  actual  hardware. 

Applying  innovative  approaches  to  the  user's  "lessons  learned"  problems  was  the  key 
to  achieving  the  maintainability,  reliability  and  other  "ilities"  characteristics 
unique  to  today's  operational  T700.  The  inlet  separator,  self-contained  lube  and 
electrical  systems,  and  spring-clip  line  clamps  are  examples  of  this  input/contractor 
innovation  process. 

Development  Program 

The  specificity  of  the  u.S.  Army  requirements  in  the  various  disciplines  -  i.e.,  main¬ 
tainability,  reliability,  vulnerability,  etc,  -  demanded  that  all  the  disciplines  input 
to  the  engine  design  process  from  the  beginning.  Representation  from  the  separate 
specialty  areas  actively  participated  in  the  generation  of  the  design  and  were  respon¬ 
sible  to  see  that  their  particular  requirements  and  interests  were  present  in  the  final 
design.  Drawing  release  for  manufacture  required  review  and  sign-off  by  all  areas. 

This  was  unprecedented,  as  was  the  veto  power  that  each  had,  thus  assuring  that  their 
discipline  interests  were  protected.  Conflicts  were  arbitrated  by  the  Design  Review 
Board  with  final  decisions  by  Engine  Program  Management. 

Continued  involvement  of  all  the  disciplines  was  also  reinforced  by  the  reporting  and 
demonstration  requirements  set  down  by  the  Army.  For  example,  three  maintainability 
demonstrations  were  required.  The  first  two  were  conducted  by  GE  personnel  monitored 
and  measured  by  the  Army.  One  was  scheduled  early  in  the  program  and  the  other  at  the 
midpoint.  The  final  demonstration  was  an  evaluation  performed  by  U.S.  Army  personnel 
who  were  representative  of  training  and  skill  levels  of  field  organizations.  The 
engine  used  was  one  of  the  MQT  engines  following  its  post-test  inspection.  The  results 
verified  that  overall  required  objectives  were  met,  and  also  indicated  areas  where 
improvements  could  be  made.  In  a  similar  way,  factory  engine  reliability  was  tracked 
and  reported  monthly  against  a  goal  requirement  at  MQT.  Contract  incentive  payments 
were  contingent  upon  attaining  these  goals/requirements. 

The  development  test  program  incorporated  all  the  specialized  environmental,  overspeed 
and  overtemperature  tests  standard  to  the  industry.  The  Army  requirements  also  specified 
other  engine  tests  that  were  tailored  to  the  helicopter  application  such  as  sand 
ingestion,  power  turbine  loss  of  load/overspeed  protection  and  a  low  cycle  fatigue  test. 
Going  beyond  the  initial  program  requirements,  an  additional  series  of  25-hnnr  engine/ 
aii.-ci.afL  integration  tests  was  included  later  in  the  program.  These  tests  subjected 
the  engine  and  the  aircraft  mounting,  inlet  and  exhaust  components  to  abusive  vibration 
stresses  concurrent  with  operation  to  the  MQT  cycle.  The  development  program  required 
that  a  total  engine  factory  test  of  at  least  2,500  hours  be  attained  by  the  Preliminary 
Flight  Rating  Test,  and  a  minimum  of  7,500  hours  at  MQT.  The  latter  was  exceeded  by 
approximately  1,500  hours.  The  development  test  program  was  culminated  with  a  double 
MQT,  qualifying  the  engine  with  two  different  fuels  and  oils,  as  well  as  providing  two 
samples  for  durability  evaluation. 

Maturity  Program 

Overall  UTTAS  Program  timing  planned  by  the  Army  provided  for  Competitive  Test  (GCT) 
of  the  two  different  aircraft  each  of  which  powered  by  the  same  configuration  T700.  The 
test  was  begun  at  about  the  same  time  that  engine  MQT  was  completed.  Under  prior  pro¬ 
gram  standards,  engine  qualification  would  be  considered  complete  at  this  time  and 
the  engine  would  have  been  committed  to  production.  At  this  nnlnt,  a  post  MQT  program 
was  initiated  with  the  goal  of  accumulating  additional  endurance  experience  and  sub¬ 
jecting  the  engine  to  more  LCF  testing. 

The  overriding  purpose  of  this  Maturity  Program  was  to  provide  a  mature,  reliable  engine 
prior  to  full  rate  production.  To  accomplish  this,  the  following  objectives  were 
established: 

•  Develop  high  initial  Mean  Time  Between  Failure-Require  Overhaul  (MTBFRO) 

•  Establish  sound  field  maintenance  procedures  and  intervals 

•  Identify  unique  installation-related  failure  modes 

•  Establish  programs  for  smooth  transition  to  production  manufacture 

The  approach  selected  was  to  conduct  accelerated,  severe,  abusive  tests  so  that  the 
required  production  target  dates  were  assured. 

A  secondary  benefit  of  the  Maturity  Program  was  that  it  provided  a  highly  valuable  period 
to  resolve  residual  problems  uncovered  in  the  field  and  factory  programs  and  any  that 
might  evolve  from  the  aircraft  GCT.  In  addition,  a  smooth  transition  to  Production 
through  Producibi lity  and  Manufacturing  Technology  programs  was  made  possible,  as  well 
as  the  implementation  of  cost  reduction  programs  prior  to  production. 
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The  Maturity  Program  was  divided  into  two 
major  parts  for  maximum  effectiveness, 

•  Factory 

-  Two  1,000-hour  accelerated 
endurance  tests 

1,500-hour  mission  test 
cycle 

Low  Cycle  Fatigue  test 
(3,500  cycles) 

Service  Revealed  Difficulty/ 
Fix  qualification  program 

Qualification  of  Production 
Parts  List 

•  Field 

Support  accelerated  aircraft 
test  program 

-  Update  prototype  engines  to 
latest  configuration 

Repair/overhaul  as  necessary 

Perform  high  time  analytical 
inspections 

Immediately  following  the  completion  of  the  Qualification  Program  and  the  maintain¬ 
ability  demonstration,  the  two  MQT  engines  were  reassembled  and  began  running  to 
accumulate  the  1,000  hours  on  each.  Any  "failures"  during  this  period  of  intensive 
endurance  testing  were  considered  as  successes  since  they  identified  weaknesses  in  the 
system  that  could  be  resolved,  endurance  tested,  and  qualified  for  initial  production. 
Approximately  one  year  after  initiation  of  these  1,000-hour  endurance  tests  an  Acceler¬ 
ated  Simulated  Mission  Endurance  Test  (ASMET)  was  initiated. 

At  this  point  it  might  be  best  to  highlight 
the  1,500-hour  ASMET  mission  cycle  test 
vehicle.  As  indicated  in  the  illustration 
the  engine  was  supported  by  the  actual 
aircraft  mount  system  and  also  had  the 
airframe  inlet  system,  exhaust  system  ana 
control/sensing  and  fuel  connections 
applied  to  simulate  the  aircraft  installa¬ 
tion.  The  entire  test  vehicle  was 
installed  on  a  vibration  test  stand  and 
simultaneously  subjected  to  the  full  range 
of  frequencies  characteristic  of  the  heli¬ 
copter  installation  and  an  engine  operating 
cycle  of  increased  severity  containing 
significantly  more  transient  operation  than 
the  previously  conducted  endurance  tests. 

Concurrent  with  these  factory  tests,  flight 
test  engines  were  generating  service 
problems  (SRDs) .  Subsequent  design 
improvements  made  against  these  SRDs  were 
incorporated  into  the  ASMET  engine  to  make 
it  as  close  as  possible  to  the  production  configuration. 

All  field  operations  support  during  the  Maturity  Program  was  provided  by  the  Integrated 
Logistics  Support  Management  Team.  This  effort  included  deployment,  at  a  number  of 
operating  sites,  of  necessary  spare  parts,  special  ground  support  equipment,  and 
technically  qualified  field  representatives.  Engines  used  during  this  phase  of  the 
field  program  were  Flight  Rated  engines  updated  to  MQT  configuration  plus  some  maturity 
design  improvements.  The  update  of  these  engines  and  subsequent  initial  repair  engines 
were  processed  at  the  General  Electric  Depot  Service  Facility, 

Coordination  of  field  maintenance  tasks  for  installed  engines  was  conducted  with  the 
airframer.  Technical  Manuals  and  Repair  Parts  and  Special  Tools  Listing  were  reissued 
reflecting  updates  to  the  mature  engine  configuration  immediately  after  MQT.  All 
field  maintenance,  troubleshooting  and  repair  was  conducted  against  these  documents  to 
"test"  them  for  accuracy  and  adequacy  in  the  hands  of  the  user.  Depot  manuals  reflected 
the  same  updates,  again  as  a  base  for  improvements  determined  from  experience. 

Maturity  Program  Results 

A  number  of  field  problems  were  exposed  during  the  severe  competitive  evaluation  of 
the  air  vehicles.  The  most  important  of  these  corrected  were  redesign  of  the  Number  3 
Bearing  and  the  Power  Takeoff  Assembly.  Other  improvements  included  the  Hydromechanical 
Unit  (fuel  control /  and  a  new  high  pressure  fuel  pump,  lower  sensitivity  chip  detector, 
new  power  turbine  shaft  seals,  and  an  improved  airseal  to  reduce  Electrical  Control  Unit 
operating  temperatures.  All  of  these  changes  were  developed  and  qualified  for  first 


Simulates  Engine/Aircraft  Installation 
Operating  Conditions 


1,500-Hour  Mission  Cycle  Test 
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Maturity  Factory  program 


Durability  and  Reliability 
Improvements  from  GOT 


Rate  per  1,000  Hours 

Recorded 

Current 

UH-eOA 

Field 

Description 

OCT 

Status 

Oil  SamplM  (SOAP) 

81.88 

0 

Off  Additions 

52.58 

18 

OU  filter  Replacement 

8.75 

0.13 

False  Chip  Lights 

1.25 

0.13 

LRU  Malfunctions 

11.25 

1.00 

Total 

155.83 

18.16 

88%  Reduction  In  Maintenance  Actions 

Reduced  Maintenance  Actions 


New  Failure  Modes  Identified  and  Fixed 


to  be  of  much  benefit  to  the  development 


[jiouucrion  engine  introduction,  thereby 
eliminating  all  known  in-flight  shutdown 
and  mission  abort  causes  experienced  in 
GCT. 

First  hand  observation  of  field  operations 
also  had  indicated  areas  where  maintenance 
procedures  and  some  design  features  could 
be  modified  -  or  in  some  cases  be  elim¬ 
inated  -  to  decrease  field  maintenance 
actions  by  as  much  as  85%.  It  is  inter¬ 
esting  to  note  at  this  point  that  the  top 
three  problems  on  the  Army's  list  were  the 
frequency  of  adding  oil,  oil  sampling  and 
oil  filter  changes.  All  items  the 
engineer  had  little  concern  about 
previously! 

The  accelerated  factory  tests  did  identify 
new  failure  modes  as  indicated  by  the 
chart.  Most  of  these  were  fixed  for  first 
engine  production.  Without  the  maturity 
experience  these  problems  would  have 
remained  hidden  for  one  to  three  years  or 
more  basi  1  on  average  military  use.  The 
result  would  have  been  expensive  programs 
of  a  fail-analyze-fix  nature  followed  by 
retrofit. 

Maturity  program  testing  also  led  to  a 
number  of  design  changes  for  performance 
improvements.  Following  changes  to  the 
compressor  and  combustor,  throttle  stall 
margin  and  deceleration  stall  margin  were 
improved  by  more  than  30%,  greatly  enhancing 
operational  suitability.  The  power  turbine 
was  improved  to  increase  its  efficiency 
as  well  as  for  better  maintainability  and 
reduced  cost. 

Logistics  support  benefits  derived  from  the 
results  of  the  Maturity  Program  were  many. 
Materiel  support  requirements  for  the  fully 
operational  system  were  established  for 
spare  parts  and  spare  engines,  and  ground 
support  equipment  was  designed  and  quali¬ 
fied.  Support  facilities  were  set  up  and 
qualified  as  required,  such  as  the  depot/ 
overhaul  shop  and  central  warehousing. 

Field  procedures  and  depot  repair  pro¬ 
cedures  were  developed  and  verified. 
Documentation  was  updated  to  reflect  actual 
field  operation  and  issued  before  first 
fielding  the  production  aircraft.  In 
effect,  an  experienced  organization  and 
system  were  in  place  to  support  the  UH-60A 
from  the  very  beginning. 

Lessons  Learned  and  Future  Considerations 

As  noted  in  Section  1 ,  the  test  program 
generated  for  the  T700  Development  Effort 
did  have  some  of  the  special  tests  necessary 
to  expose  short  term  LCF,  thermal  cycle 
problems,  and  stress  rupture.  However, 
not  only  was  this  testing  conducted  too  late 
Port,  but  there  was  not  enough  of  it  to  pro¬ 


vide  a  realistic  picture  for  verifying  the  required  design  life. 


The  Maturity  Program  was  necessary  to  exploit  this  kind  of  test  and  serves  as  an  excel¬ 
lent  benchmark  from  which  to  create  future  development  programs.  Endurance  testing 
through  MQT  cycle  tests  finds  durability  problems,  but  they  take  a  long  time  to  surface 
and  many  are  stress-rupture  oriented.  The  ASMET  was  a  sound  compliment  to  the  Develop¬ 
ment  Program.  It  provided  valuable  exposure  of  the  engine/airframe  interface  hardware 
and  did  uncover  a  number  of  problems,  but  fewer  than  anticipated.  The  test  cycle  used 
in  this  ASMET  was  tailored  to  the  Black  Hawk  mission  giving  about  3:1  severity  compared 
to  field  operation. 


Based  on  the  experience  gained  in  the  eight  years  of  test,  a  new  accelerated  test  cycle 
has  been  designed  which  provides  a  better  balance  of  LCF  and  maximum  temperature 
operation.  The  Accelerated  Mission  Test  (AMT)  has  shown  tremendous  payoffs.  It  is 
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compared  with  the  6-hour  MQT  Cycle  and  LCF 
and  ASMET  Cycles  in  the  chart.  Older  test 
efforts  spent  too  much  time  on  test3  which 
were  not  representative  of  user  operation. 

A  significant  part  of  current  GE  test  pro¬ 
grams  for  all  engines  continues  to  be  the 
AMT. 

Future  test  program  planning  should  begin 
testing  earlier.  Strong  considerations 
should  be  given  to  including  the  AMT  as 
part  of  the  Development  Qualification 
Program. 

Conclusion 

One  of  the  best  measures  of  the  success  of 
a  program  is  the  level  of  Engineering 
Change  Proposal  (ECP)  activity  in  the  first 
few  years  of  service.  The  T700  has  now  been 
in  production  for  three  years  and  has 
accumulated  more  than  65,000  operating  hours. 
The  engine  stands  out  for  the  low  ECP 
activity.  Only  12  ECPs  have  been  approved  in 
the  three  years.  And,  only  one  of  them 
is  a  new  "failure  mode"  identified  and  fixed. 
One  was  for  Manufacturing  Producibi lity -  The  other  10  were  residual  from  the  late 
stages  of  the  maturity  effort  -  3  uncovered  by  ASMET  and  7  from  the  competitive  flight 
test  program.  The  first  production  model  of  the  T56  engine  (same  approximate  size  and 
horsepower)  of  twenty  years  ago  had  66  ECPs  for  the  corresponding  period. 

The  excellent  detail  program  plans  defined  by  the  Army  for  the  UTTAS  engine  made 
winning  the  competition  for  development  a  tough  challenge.  Once  embarked  on  the  program, 
however,  valuable  experience  was  gained  that  resulted  in  successful  development  of  an 
operationally  ready  engine  for  the  user. 

Key  elements  of  this  success  were: 

•  Full  development  under  what  should  be  called  a  normal  specification 

•  Extensive  flight  testing  -  with  the  real  engine  and  installation  -  provided 
identification  of  most  of  the  field  problems. 

•  Time  to  develop  fix-plans  and  a  comprehensive  manufacturing  plan, 
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Smoother,  Cost  Saving  Transition  to  Production 


Lessons  Learned 


W.Hcilmann,  Ge 

Could  you  describe  some  of  your  reasons  for  low  cycle  fatigue  testing  including  high  speed  and  consideration  of 
powder  metallurgy  discs? 

Author’s  Reply 

High  speed  tests  uncovered  a  problem  area  that  was  not  anticipated  in  Hie  design  analysis,  clearly  justifying  its  value. 
In  addition,  of  the  failure  test  made  with  the  powder  metallurgy  discs,  no  failures  wen-  encountered  involving  defect 
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SUMMARY 


Engine  design  features  and  the  technology  needed  to  produce  them  arise  from  the  operational  requirements 
of  the  user  services.  The  paper  discusses  the  design  considerations  and  technology  needed  to  meet 
possible  future  operational  requirements  and  describes  the  relevant  technological  work  being  carried 
out  or  supported  ty  the  UK  Ministry  of  Defence  (Procurement  Executive).  Also  considered  are  the 
trade-offs  which  become  necessary  in  seeking  a  suitable  solution  to  conflicting  needs.  Finally  the 
sites  of  engines  required  to  meet  likely  aircraft  applications  are  examined. 

1.  INTRODUCTION 

The  introduction  of  the  gas  turbine  caused  a  revolution  in  helicopter  range /payload  capability  due  to 
the  dramatic  improvement  in  engine  lower  to  weight  ratio,  which  increased  by  a  factor  of  about  3:1. 

Since  that  time  helicopters  and  their  component  parts  have  Gteadily  improved,  and  should  continue 
to  do  so  for  the  foreseeable  future.  As  the  general  capability  of  helicopters  has  increased  so  too 
have  the  expectations  of  the  users.  One  of  the  aims  of  the  Ministry  of  Defence  (MOD(PE))  is  to  ensure 
that  the  technology  necessary  to  fulfil  the  expectations  of  the  UK  Services  ic  available  when  required. 
Thio  ;s  essential  if  gestation  periods  for  new  engines  are  to  be  compatible  with  those  for  helicopters. 

To  achieve  this  aim  MOD(PE)  and  Industry  work  in  collaboration  on  b  broad  spectrum  of  research  and 
technology  programmes.  In  the  gas  turbine  Held  several  such  programmes  have  been,  or  are,  underway 
and  some  have  been  directed  at  helicopter  engines  in  particular.  Inevitably  some  helicopter 
requirements  cause  conflicts  in  engine  design  and  tiade-offs  must  be  made.  It  is  intended  to 
indicate  typical  requirements  for  both  military  and  civil  helicopters  and  to  show  the  types  of  trade¬ 
off  which  may  be  made  to  produce  a  successful,  genual  purpose  gar  turbine.  Important  influences  on 
these  trade-offs  ere  the  rating  structure  of  the  engine  ar.d  the  certification  tests  required  to  clear 
these  ratirgr.  Care  must  be  token  that  designing  to  meet  the  operational  requirement  and  designing 
to  meet  the  certif icaticn  rules  do  not  lead  to  different  answers. 

2.  PREVIOUS  PREDICTIONS 

It  ij  instructive  to  go  back  to  records  of  previous  AGARD  conferences  on  helicopter  propulsion,  held 
in  I960  and  1971,  and  look  at  predict ions  of  t ha  improved  technology  cf  engines  that  would  be  in 
production  it.  1980  (Ref  3).  Eased  on  cycle  and  component  analyses,  it  wqc  forecast  that,  at  the 
design  point,  a  specific  Fuel  Consumption  (SKC)  of  85ug/J  (0.?  lb /SHF  hour)  an  overall  pressure  ratio 
of  about  1^  and  turbine  inlet  temperatures  of  1 300-1  were  to  be  expected.  This  compared  with 
values  then  current  of  about  lOOug/d  (0.6  lb/SHI'  hour),  1?,  and  12GO-11450K.  We  can  record  with 
satis  faction  that  these  predictions  have  in  the  event  proved  correct.  Figure  1  illustrates  the 
variation,  at  the  design  point,  of  specific  power  ar.d  specific  fuel  consumption  with  cycle  pressure  ratio 
and  temperature-  The  precise  shape  of  these  curves  depend."  upon  the  assumed  cycle  and  component 
efficiencies.  The  choice  of  these  is  in  turn,  governed  by  the  need  to  maintain  those  good  handling 
qualities  without  which  any  engine,  however  efficient  at  its  design  point,  would  be  little  more  than 
us  .less . 

A  de'elupnent  not  predicted  in  the  AGARD  papers  of  10  years  ago  vac  the  advent  of  torquemeters  of  a 
type  suitable  for  engine  condition  monitoring  and  deterioration  cheeking.  Also  unforeseen  was  the 
full  potential  of  micro-processors,  then  in  their  infancy.  The  implications  of  these  devices  ere 
d*alt  with  later  in  this  infer.  It  could  be  argued  that  thcc»  further  developments,  which  were  not 
discussed  ten  yeurs  aye,  have  been  as  significant  us  thuf.o  which  were  given  great  emphasis.  We  snail 
be  interceded  to  see  whether  any  predictions  made  at  this  conference  manage  to  strike  the  right 
balance.  In  ten  year's  time,  with  the  benefit,  of  hindsight,  we  shall  know. 

3.  CHJFliAL  DESIGN  CONSIDERATIONS 


3.1  Range  an d  1 n d ura n cc .  The  primary  requirement  for  ary  aircraft  is  that  it  can  carry  its 
load  over  a  preserved  distance  or  for  a  given  period  of  time. 

To  provide  a  given  helicopter  with  a  gooc  operating  ropge  and  endurance  the  engines  must  have  a 
low  fuel  consumption,  particularly  at  ciuise  conditions.  Two  principal  factors  decide  the  level 
of  fuel  consumption.  Firstly  there  is  the  efficiency  of  the  engine  itself,  as  determined  by  its 
cycle  arid  component  ef fi cl enci es .  Secondly  there  is  the  matching  of  the  engine  to  the  aircraft, 
particularly  the  sizing  of  th«’  engine. 

The  design  and  technology  requi 1 t meats  for  high  cycle  efficiencies,  in  terms  of  component 
performance,  uua  highi-r  pressure  and  temperature  ratios  arc  well,  enough  known.  Technology 
programmes,  are  no*1  in  hand  in  both  ereas  &ud  para  9  describe!  some  of  the  work  being 

carried  out  to  develop  cooled  turbines  suitable  for  sm^ll  engines.  Whilst  these  developments  in 
8ma.ll  military  engines  are  very  important,  l  r.  tent  ion  must  be  paid  to  their  effect-  on  initial  and 
life-cycle  custr,  and  to  ensuring  that  gains  in  design  point  cycle  efficiency  ar<  not  made  at  the 
expense  cf  engine  bundling  qualities,  at  off-desi  conditions. 


The  question  of  engine  sizing  is  one  of  considerable  complexity  and  Borne  controversy.  Two 
schools  of  thought  Beem  to  exiBt,  and  for  iny  given  application  the  right  compromise  must  be  struck. 
If  low  specific  fuel  consumption  is  an  over-riding  requirement  then  it  is  necessary  to  operate  at 
the  lowest  practical  point  on  the  SFC  curve,  ie  at  as  high  a  proportion  of  maximum  power  as 
possible.  This  means  using  a  small  engine  running  at  comparatively  high  power  levels.  Obviously 
there  i3  a  penalty  to  be  paid  in  engine  life,  when  this  is  compared  with  the  use  of  larger,  less 
highly  rated  engines  as  proposed,  by  the  second  school  of  thought.  Such  larger  engines  would  be 
able  to  cope  with  engine  failures  on  multi-engine  helicopters  without  the  need  for  contingency 
ratings,  but  would  carry  penalties  in  terms  of  weight  and  SFC,  and  possibly  aircraft  range.  The 
relationship  between  optimum  engine  sizing,  the  rating  structure  and  qualification  requirements 
is  discussed  further  in  para  6-2. 

3.2  Agility  and  Engine  Handling.  Aircraft  agility  and  problem- free  engine  handling  are  necessary 
for  all  helicopters,  but  especially  for  those  on  the  battlefield  or  landing  on  moving  ships. 

From  the  engine  aspect,  agility  principally  requires  sufficient  installed  power  to  allow  rapid 
aircraft  climb  and  acceleration,  a  question  again  of  engine  sizing.  Also  important  is  a  rapid 
response  of  the  engine  to  a  demand  for  power.  Engine  response  is  of  particular  concern  in  cases  of 
engine  failure  on  a  multi -engined  helicopter,  when  the  remaining  engine(s)  must  reach  Contingency 
or  Maximum  power  before  rotor  speed  has  fallen  dangerously.  Although  there  is  no  reason  to 
suppose  that  the  response  times  of  tue  most  recent  engines  are  too  slow  for  present  day  needs,  the 
introduction  of  light  weight  helicopter  rotors,  which  would  have  less  stored  energy,  may  bring 
about  a  requirement  for  faster  engine  response  times.  The  prime  technical  requirement  for  good 
engine  handling  and  response  tirn^s  is  an  adequate  compressor  surge  margin.  Engine  response  would 
also  benefit  from  improvements  in  the  mechanical  design  of  engine  rotating  components,  giving 
reduced  moments  of  inertia  and  a  greater  angular  acceleration  for  a  given  level  of  over-fuelling. 

An  agile  helicopter  must  not  only  accelerate  rapidly  but  also  decelerate  rapidly  without  gaining 
height;  low  flight-idle  power  levels  may  therefore  be  desirable-  It  must  also  be  ensured  at  the 
design  stage  that  the  oil  system  will  function  for  adequate  periods  of  operation  at  low  or 
negative  "g". 

3.3  Availability .  Two  major  factors  affect  this  property.  They  are  maintainability  and 
reliability . 

3.3-1  Maintainability .  Fase  of  maintenance  is  important  both  in  the  battlefield  and  on 
board  ship.  Further  moves  towards  "on-condition"  maintenance  arc  envisaged,  using  a  range  of 
engine  health  monitoring  techniques.  For  first  and  second  line  maintenance  however,  the 
main  requirement  is  to  be  able  to  remove  and  replace  engines  and  modules  in  minimum  time, 
using  only  the  smallest  and  most  basic  tool  kit.  It  is  doubtful  whether  new  technology  is 
needed  to  achieve  these  goals;  r.cwever,  it  is  vitally  important  to  give  careful  alteullun  lu 
them  at  a  sufficiently  early  stage  in  the  design  of  the  engine.  Maintainability  must  be 
designed  in,  and  cannot  be  added  later  as  a  "bolt-on-extra". 

Further  moves  towards  on-eondition  maintenance,  a?  opposed  to  the  use  of  fixed  life 
components, will  depend  on  improved  techniques  of  engine  condition  monitoring,  particularly 
in  the  fields  of  low  cycle  fatigue,  therma1  fatigue  and  creep  usage  monitoring,  and  non¬ 
destructive  testing.  Improvements  in  the  bore-scoping  of  gas  generator  turbines  are  also 
highly  desirable,  difficult  though  this  1:3  in  engines  with  reverse  flow  combustors. 

W/.ilst  modular  construction  is  now  the  accepted  practice  for  aero  engines,  it  is  desirable 
that  engines  rebuilt  from  modules  of  differing  lives  should  not  require  running  on  a  test  bed 
prior  to  installation,  ana  for  multi-engined  installations  it  is  desirable  to  be  able  to  torque 
match  the  engines  without  the  need  for  a  flight  test . 

3.3.2  Reliability .  Reliability  may  either  be  ennsi  derr*d  in  t^nns  of  the  helicopter  or  of  the 
engine  alone.  The  reliability  of  the  helicopter  is  determined  partly  by  fundamental  choices 
such  b.s  the  number  of  engines.  A  multi -engined  helicopter  will  ha.ve  a  better  chance  of 
completing  or  at  least  returning  safely  from  a  mission  than  a  single-engined  or.t .  The  number 
of  defects  pe"  operating  hour  will  however  be  higher,  assuming  the  reliability  of  each 
engine  installation  to  be  the  same. 

The  reliability  of  an  individual  engine  depends  on  many  factors;  not  only  the  most  obvious 
ones  of  quality  of  design  and  roanufacture,  but  also  the  rating  of  the  engine  and  the  lifir.g 
and  maintenance  policies  adopted.  The  basic  quality  of  design  and  manufacture ,  fitness  for 
purpose,  is  validated  by  the  programme  of  qualification  testing,  all  of  which  may  be 
c-.nsi deied  as  part  of  the  reliability  activity  which  is  now  accorded  special  attention  in 
development  programmes.  The  rating  of  the  engine,  resulting  from  the  trade-off  established 
between  life  and  power  and  the  mission  profile,  will  determine  the  potential  life  between 
reconditioning  or  replacement  of  the  engine  and  its  modules.  As  per  1 s  approach  the  end  of 
their  potential  lives,  the  probability  of  failure  increases.  The  lifing  and  maintenance 
policy  will  determine  hew  far  engines  are  allowed  to  venture  into  this  region  before  being 
rejected  as  time-expired. 

Reliability  is  therefore  not  u  characteristic  which  can  be  developed  independently  of  other 
engine  parameter?-  it  is  one  of  the  many  interacting  variables  which  influence  the  design 
of  the  engine  and  its  cost  of  ownership. 

3 • ^  Life  Cycle  fonts.  The  Services  require  helicopters  which  not  only  meet  their  technical  require¬ 
ments,  but  do  so  at  minimum  cost.  In  the  pact,  emphasis  has  been  placed  on  development  and 
initial  production  costs  with  estimates  being  basca  on  data  from  previous  projects.  More  recently. 


attention  has  been  given  to  Life-Cycle  Coats  (LCC),  which  also  take  account  of  the  operation  and 
support  costs. 

The  extent  to  which  the  aim  of  low  life-cycle  cost  may  be  achieved  depends  on  the  priorities 
given  to  the  other  requirements,  on  how  intensively  the  aircraft  are  used,  and  on  the  total 
number  of  engines  produced,  for  both  military  and  civil  customers.  A  simple  engine  my  be  cheap 
to  buy,  and  so  may  its  spare  parts.  However,  a  more  sophisticated  fuel-efficient  engine  used 
intensively  might  save  the  difference  between  acquisition  costs,  through  savings  in  fuel.  The 
engine  rating  also  affects  life-cycle  costs;  the  benefits  to  cruise  SFC,  and  hence  operating 
costs,  of  a  highly  rated  engine  may  be  offset  by  higher  support  costs. 

During  the  early  stages  of  a  helicopter  project,  many  c  mplex  and  interacting  variables,  all  of 
which  influence  life-cycle  costs,  have  to  be  analysed.  The  life-cycle  costs  for  the  various 
helicopter  designs  considered  during  these  early  stages  can  in  principle  he  estimated  using 
mathematical  models.  Although  there  are  many  such  models,  then  is  considerable  difficulty  in 
obtaining  reliable  cost  data  of  sufficient  accuracy  to  demonstrate  the  sensitivity  of  LCC  to 
changes  in  engine  design.  It  follows  that  small  changes  in  piedicted  costs  need  to  be  treated 
with  caution. 

Although  life-cycle  cost  estimates  are  carried  out  separately  for  the  engine,  they  must  not  be 
considered  in  isolation.  The  aim  of  the  operator  should  be  to  reduce  the  life-cycle  costs  of 
his  helicopter  fleet.  This  may  not  always  be  achieved  by  using  the  engine  with  lowest  life- 
cycle  cost.  The  use  of  an  advanced  engine  with  higher  life-cycle  costs  but  with  lower  weight  and 
fuel  consumption  might  so  influence  the  design  of  the  aircraft  that  it  permits  a  substantial 
reduction  in  the  life-cycle  cost  of  the  complete  system. 

The  following  might  be  a  list  of  life-cycle  cost  priorities  for  future  engine  design: 

a.  Identify  the  most  sensitive  engine-related  cost  factors,  for  example  SFC  or  power/ 
weight  ratio,  and  design  the  engine  installation  including  intake,  transmission  and  exhaust 
to  minimise  helicopter  LCC,  whilst  using  an  engine  that  will  he  close  to  the  technological 
state-of-the-art  at  introduction  into  service.  (Ref  2). 

b.  Design  for  minimum  total  component  manufacturing  costs,  thus  also  reducing  spares  costs 
(Ref  3). 

c.  Design  to  allow  repair /replacement  of  defective  parts  as  close  to  the  front-line  as 
possible  (Ref  1*).  Modularity  i:.  an  example  of  this  concept,  but  care  must  be  taken  to 
ensure  that  hardware  benefits  are  not  cancelled  by  increases  in  paper-work  and  data 
recording. 

d.  Develop  a  logistics  model,  based  upon  component  failure  information/predictions ,  that 
will  allow  an  optimum  servicing  policy  and  organisation  to  be  developed.  This  would  take 
advantage  of  Item  c  above  and  also  make  the  best  use  of  the  equipment  that  had  evolved  and 
actually  existed. 

e.  Use  "on-condition"  monitoring  techniques,  planned  in  such  a  way  as  to  minimise  shop 
visits  and  LCC.  The  model  of  Item  d  should  be  updated  regularly  to  reflect  current  service 
experience.  This  model  should  use  only  the  most  significant  lifed  components  for  data. 

3.5  Flexible  Use  of  Ratings.  At  present  UK  engines  are  certified  with  the  power  levels  above 
Maximum  Continuous  available  for  only  a  limited  time  per  flight,  a  flight  being  defined  as  from 
take-off  to  touch  down.  To  give  the  maximum  flexibility  of  operation  it  would  be  desirable  to 
dispense  with  these  somewhat  artificial  time  limits.  They  arc  imposed,  not  because  any  immediate 
dreadful  consequences  are  certain  to  occur  if  they  are  ever  exceeded,  but  so  that  the  engine  is 
unlikely  to  fail  from  hot  end  distress  in  its  authorised  time  between  overhauls.  The  use  of  on¬ 
board  engine  usage  monitoring  systems  would  enable  greater  flexibility  to  be  granted  with  safety . 
Some  means  of  discipline  in  engine  image  would  still  be  necessary  to  ensure  that  an  adequate 
life  was  achieved  in  practice,  but  the  rigid  manner  in  which  the  limitations  are  currently 
expressed  in  the  UK  could  be  relaxed.  The  relationship  between  rating  structure  and 
qualification  requirements  is  discussed  further  in  para  6.2. 

3.6  Extended  Fuel  Capability.  The  current  range  of  gas  turbines  is  able  to  operate  satisfactorily 

for  extended  periods  on  all  currently  available  gas  turbine  fuels  ranging  from  high  flash  point 
(F-hU,  AVCAT,  JP-5 )  to  wide  cut  (F-LO,  AVTAG,  Many  can  also  run  for  limited  periods  on 

diesel  and/or  gasoline  fuels.  Future  engines  will  also  need  to  accept  gas  turbine  fuels  which,  as 
a  result  of  worldwide  difficulties  in  supply  and  local  variations  in  fuel  properties,  may  not 
meet  current  quality  standards.  Inevitably  the  ability  to  run  on  a  vide  range  of  fuels  might 
necessitate  some  compromise  in  design  which  would  not  be  necessary  if  the  engine  were  required  to 
run  on  high  quality  turbine  fuel  only. 

Crude  oils  vary  both  in  the  nature  and  proportion  of  their  constituents.  As  the  availability  of 
crude  oils  changca  both  the  physical  and  chemical  properties  of  future  fuels  will  change. 

Figure  2  3hows  distillation  curves  foi  typical  fuels  currently  available  (Ref  5).  The  extent 
of  the  distillation  (temperature )  range  o'.'  any  fuel  is  representative  of  the  availability  of  that 
fuel  from  the  parert  crude  oil.  .  It  can  be  seen  from  Figure  2  that  fuels  such  as  AVTAG,  MOGAS 
and  DIESO  have  a  wider  distillation  range  than  AVTUR  or  AVCAT.  A  hypothetical  future  wide  cut 
fuel  is  also  indicated.  Gome  properties  which  may  change  are  given  below: 

Freezing  point:  raising  of  the  freezing  point  could  lead  to  fuel  flow  problems  in  colu 
conditions  both  in  flight  and  on  the  ground,  possibly  necessitating  tank  heaters. 
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Specific  energy:  reductions  in  specific  energy  could  negate  improvements  in  engine  SFC  e.g.  a 
general  reduction  from  **3  to  h2  MJ/kg  which  i3  only  within  the  range  of  current  fuel  specs, 
would  lead  to  a  corresponding  increase  in  OFC,  of  2ji%. 

Aromatics:  increases  in  aromatic  content  would  affect  the  performance  of  elastomeric  seals, 
and  would  also  lead  to  increases  in  the  amount  of  heat  radiated  to  combustion  chamber  walls 
due  to  increased  flame  luminosity. 

Viscosity:  higher  viscosities  could  lead  to  poorer  atomization  and  vaporization  and  thus  to 
starting  difficulties,  and  "streaky"  combustion. 

Other  obvious  important  properties  which  could  change  for  the  worse  are  vapour  pressure, 
thermal  stability  and  lubricity. 

It.  ENVIRONMENTAL  HAZARDS 


It  has  been  said  that  a  helicopter  engine  has  to  cope  with  two  environments;  the  one  that  was  there 
before  it  arrived,  and  the  one  that  it  brings  with  it.  An  examination  of  typical  helicopter 
environmental  factors  tends  to  produce  a  list  similar  to  that  in  Table  1.  The  three  Services, 

Army,  Air  Force  and  Navy  generally  require  the  some  features  but  with  a  different  balance  of  priorities. 
The  operating  environments  tend  to  fall  into  two  broad  categories.  The  first  is  the  maritime 
environment  in  which  Naval  and  some  Air  Force  aircraft  operate,  and  the  second  is  the  overland/ 
battlefield  environment  in  which  Army  and  Air  Force  aircraft  principally  operate.  It  may  also  be 
argued  that  although  some  of  these  hazards  exist  for  civil  helicopters  the  severity  may  not  be  so 
great . 

b.l  Intake  Protection.  The  dirty  atmosphere  produced  by  main  rotor  downwash  during  hover 
near  the  ground,  and  the  sensitivity  of  small  gas  turbines  to  impact  and  abrasion  by  ingested 
foreign  matter,  make  the  provision  of  engine  intake  protection  highly  desirable.  Stoneguards  and 
sand  filters  are  available  for  the  current  generation  of  engines  as  optional  'role'  equipment. 

Future  engines  will  require  a  better  dust  particle  separation  efficiency  ir.  order  to  avoid  the 
blockage  of  cooling  holes  in  film-cooled  turbines,  as  well  as  further  to  reduce  impact  and 
abrasion  damage  in  compressors.  A  technology  programme,  supported  by  MOD(PE),  has  examined  a  number 
of  different  configurations  of  separator. 

An  intake  separator  should  of  course  also  provide  protection  against  impact  from  birds,  ice  shed 
from  the  airframe,  and  hailstones.  Provided  that  ingested  objects  are  reliably  directed  away 
from  the  turbo  machinery,  the  blading  may  be  better  optimised  for  performance.  Further 
advantages  that  may  accrue  from  a  correctly  designed  separator  arc  an  improvement  in  intake 
distortion  due  to  better  conditioning  of  the  intake  air  and,  in  the  case  of  Naval  aircraft,  less 
internal  corrosion  caused  by  salt  water. 

b.2  Icing  and  Salt  Corrosion.  Resistance  to  icing  and  salt  corrosion  are  particularly  important 
for  maritime  helicopters.  A  number  of  helicopters  operated  by  the  UK  Services  now  have  limited 
clearance  for  operation  in  icing  conditions.  The  latest  UK  helicopter  engine,  the  Rolls-Royce  Gem, 
is  fully  cleared  for  operation  in  icing  conditions;  anti-icing  air  is  used  to  heat  the  intake, 
and  ice  ingestion  tests  have  been  curried  out  satisfactorily.  Extension  of  the  clearance  to 
fly  in  icing  conditions  is  therefore  dependent  on  advances  in  airframe  and  rotor  rather  than 
engine  technology. 

Corrosion  as  a  result  of  salt  water  ingestion  is  a  familiar  problem  in  engines  operating  over 
or  near  the  sea.  Corrosion  is  best  avoided  by  a  suitable  choice  of  materials  and  protective 
treatments  when  the  engine  is  first  designed.  A  strong  incentive  to  do  this  is  the  knowledge  that 
the  engine  will  be  submitted  to  a  stringent  qualification  test.  At  present  the  US  salt  corrosion 
test  is  considerably  more  severe  than  the  UK  test.  A  Rolls-Royce  Gem  engine,  incorporating  a 
number  of  modifications  has  recently  completed  a  test  to  the  US  schedule  with  very  encouraging 
results.  Consideration  is  now  being  given  to  adopting  the  US  requirement  for  UK  qualification 
of  engines  to  be  used  in  marine  environments. 

1.3  Noise .  A  low  noise  output  is  helpful  not  only  to  commercial  operators  but  also  to  enable  a 
battlefield  helicopter  to  avoid  detection.  Although  the  major  and  most  characteristic  element 
of  helicopter  noise  is  produced  by  the  rotor,  a  reduction  in  engine  noise  is  nonetheless  desirable. 
Intake  separators  and  exhaust  IR  suppressors  will  in  themselves  give  some  degree  of  alleviation. 

The  design  of  the  engine  installation  is  also  an  important  factor.  Any  further  measures,  such 
as  acoustic  treatments,  need  to  be  eurefully  evaluated  as  they  could  carry  a  considerable  weight 
penalty . 

b.b  Battle  Damage  Survivability.  There  is  little  that  the  engine  designer  can  do  to  reduce  the 
vulnerability  to  battle  damage  of  the  internal  parts  of  the  engine,  apart  from  taking  such 
measures  us  strengthening  the  outer  casings.  Careful  attention  should  however  be  given  to  the 
routing  of  pipes,  cables  and  controls  to  make  them  less  vulnerable.  External  mechanisms,  such 
as  variable  compressor  geometry  are  also  weak  points.  If  possible  the  design  of  the  engine 
installation  should  be  such  as  to  make  it  unlikely  that  more  than  one  engine  will  be  struck  by  a 
single  projectile.  Local  armour  protection  is  possible,  but  d  -  account  should  also  be  taken 
of  weight. 

U. 5  Suppression  of  Infra-Red  Radiation.  An  important  requirement  for  battlefield  helicopters  is 
protection  from  heat  seeking  missiles.  Heat  is  emitted  both  from  the  hot  parts  of  the  engine 
and  from  the  exhaust  gases.  Methods  must  be  found  to  minimise  both,  without  unduly  compromising 
other  requirements.  Fundamentally,  the  quantity  of  heat  rejected,  in  the  exhaust,  at  a  given 
engine  power  can  be  reduced  by  the  use  of  more  efficient  engines.  A  further  reduction  in 


radiation  from  the  exhaust  can  be  achieved  by  lowering  its  temperature,  for  example  by  diluting  it 
with  cold  uir  in  an  exhaust  suppressor.  Possibly,  air  from  the  intake  separator  could  be  used 
for  this  purpose.  Heat  emission  from  hot  metal  parts  may  be  reduced  by  conventional  shielding, 
and  by  an  exhaust  configuration  which  avoids  a  direct  or  indirect  external  view  of  the  final 
turbine  stage. 

Hie  means  of  infra-red  suppression  which  are  adopted  need  to  be  considered  in  the  context  of  the 
engine  installation  as  a  whole  il  unnecessary  performance  and  weight  penalties  are  to  be  avoided. 

It  is  therefore  vital  that  the  need  for  such  devices  is  considered  at  an  early  stage  of 
aircraft  design. 

5.  TKCHMOLOCf  PROGRAMMES 

To  maintain  the  rate  of  technical  advance  needed  to  achieve  more  exacting  requirements,  a  comprehensive 
programme  of  basic  research  is  vital.  It  is  not  always  practical,  however,  to  apply  research 
results  directly  during  the  design  and  development  of  a  new  engine.  The  technology  demonstration 
programme  is  a  stepping  stone  between  basic  research  and  full  development.  It  provides  an  engine 
environment,  more  representative  than  rig  tests,  for  establishing  new  technologic'  1  features  and 
thus  reduces  development  programme  risks.  Further,  abroad  spectrum  programme  wilu  enable  engine 
design  options  to  be  kept  open  until  a  specific  application  is  fully  defined. 

5.1  High  Temperature  Small  Turbine  Unit.  Helicopter  engines  manufactured  in  the  UK  have  until 
now  had  uncooled  turbines,  and  consequently  have  operated  at  lower  turbine  entry  temperatures 
than  are  usual  for  other  military  engines.  The  High  Temperature  All  Turbine  Unit  (HTSTU)  consists 
of  a  Rolls-Royce  Gem  HP  modulo  modified  to  accept  a  special  combi,  tor  and  cooled  turbine, 
together  with  an  air  feed  system,  for  evaluation  of  various  designs  of  cooled  turbine. 


The  introduction  of  cooling  to  small  turbines  poses  several  difficulties.  The  small,  low 
aspect  ratio  blades  present  problems  in  achieving  sufficiently  close  seal  clearances  to  maintain 
eificiency.  The  provision  of  cooling  passages  creates  manufacturing  problems,  which  must  be 
resolved  whilst  still  seeking  to  minimise  production  and  life  cycle  costs.  The  need  for  thicker 
blades,  to  accept  cooling  passages,  results  in  fewer  blades  both  for  aerodynamic  reasons  and 
ir.  order  not  to  exceed  acceptable  levels  of  disc  stress.  This  must  be  achieved  with  minimim 
loss  of  aerodynamic  efficiency.  In  such  blades  thermal  fatigue  rather  than  creep  is  likely  to 
be  the  failure  mode. 

Cy  mid-1980,  the  original  objectives  of  the  programme  had  been  achieved.  At  the  target  turbine 
entry  temperature  satisfactory  blade  metal  temperatures  had  been  achieved  at  progressively 
increasing  turbine  efficiencies.  Further  objectives  for  the  HTSTU  were  set  in  April  1979,  which 
included  further  increases  in  efficiency  and  life  of  the  overall  system,  and  the  evnl n*»H on  cf 
representative  engine  components.  Greater  efficiency  ic  being  sought  from  further  increases 
in  blade  metal  temperatures,  improved  scaling,  acquisition  of  data  on  blade  tip  clearances 
and  a  reduction  in  parasitic  losses.  Features  developed  in  the  HTSTU  arc  to  be  endurance 
tested  in  a  core  engine  for  life  evaluation.  This  will  be  a  cyclic  test,  with  representative 
acceleration  and  deceleration  rates.  Most  of  this  programme  is  due  for  completion  by  mid-198l, 
but  the  endurance  testing  will  continue  until  1982. 

5.2  Digital  Electronic  Control  Systems 

In  1979  a  contract  was  placed  by  MOD(I’K)  with  Rolls-Royce  Ltd,  to  develop  u  demonstrator  digital 
control  system  for  helicopter  engines,  using  the  Rolls-Royce  Gem  as  the  demonstration  vehicle. 
The  suppliers  of  the  equipment  are  Dowty-Umiths  Industrial  Controls  (DGIC),  a  joint  company  in 
which  Dovty  and  Smiths  Industries  arc  partners.  The  control  system,  which  is  micro-processor 
based,  is  expected  to  give  significant  savings  in  cost  of  ownership  when  compared  with 
hydromechanical  or  analogue  electronic  systems.  There  should  also  be  much  less  routine 
lii&intc-ii&uce  mi u  calibration.  Improved  torque  matching  will  reduce  the  pilot's  workload  and 
greater  flexibility  of  control  laws  will  be  possible.  It  is  vital  for  the  integrity  of  such 
systems  that  they  be  hardened  against  electromagnetic  interference  (particularly  where  powerful 
radar  may  be  in  use)  and  against  nuclear  electromagnetic  pulse  effects. 

A  "breadboard"  version  of  the  system,  operating  on  a  bench  engine,  has  already  given  excellent 
results.  Torque  management,  reversionary  control,  and  operation  of  the  self-monitoring  system 
have  been  demonstrated.  A  prototype  engine  system  ir.  due  to  be  bench  tested  in  mid-198l* 

Testing  in  a  tethered  aircraft  should  take  pi  ace  at  the  end  of  the  same  year. 

5.3  Li fe  and  Me  thods  Programme .  The  life  and  methods  programme  at  Rolls-Royce  Ltd  has  bern 
partly  supported  by  MOD(l’L)  and  the  UK  Department  of  Industry  (D01).  It  is  aimed  a1-  improving 
the  methods  of  design,  stressing,  and  establishing  safe  lives  of  critical  engine  par^s,  whilst 
reducing  the  need  for  the  expensive  cyclic  testing  used  at  present  on  components  of  new 
engines.  The  programme  covers  gas  turbine  engines  in  general,  and  not  just  helicopter  ergines. 
The  aims  of  the  programme  come  under  three  headings: 

a.  Design  of  discs  for  improved  low  cycle  fatigue  life.  Objectives  include: 

(i)  refinement  of  finite  element  analysis  methods,  including  the  effect  of  creep 

and  plasticity 

(ii)  fracture  mechanics  and  crack  propagation  analysis  to  support  "on-condition 

lifing"  (sometimes  referred  to  as  "retirement  for  cause") 
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(iii)  improved  disc  temperature  estimation,  and  evaluation  of  disc  material  properties 

throughout  their  temperature  ranges, 

b.  Turbine  blade  stressing.  Objectives  on  turbine  blade  design  include: 

(i)  methods  of  three  dimensional  temperature  estimation  combined  with  aerodynamic 

and  cooling  performance,  which  will  be  related  to  blade  lifing  and  stressing  programmes , 

(ii)  blade  materials  evaluation, 

(iii)  obtaining  a  measure  of  failure  criteria  from  analysis  of  Service  flight  plans. 

c,  Engine  structural  dynamics  including  analysis  of  blaaed  disc  models  for  vibration 

analysis  of  fan  anu  compressor  stages. 

5. a  Cost  Effective  New  Technology.  The  cost  effective  new  technology  (CENT)  programme  which  has 
also  been  supported  by  MOD(PE)  and  DOI  is  being  carried  out  by  Rolls-Royce.  The  programme  is 
aimed  at  improved  design  and  the  use  of  new  manufacturing  techniques  in  order  to  reduce  cost, 
weight  and  fuel  consumption.  Many  of  the  individual  items  in  the  programme  arc  intended  to 
fulfil  more  than  one  of  these  aims.  Important  items  in  reducing  cost  and  weight  include  work  on 
cast  rotating  parts  such  as  discs  and  centrifugal  impellers,  improved  gearing,  and  cast  diffusers. 
Weight  reduction  items  include  improved  oil  cooling,  gas  bearings,  gearing  in  composite  materials, 
and  work  on  ceramic  components.  SEC  reduction  is  being  sought  through  work  on  high  temperature 
components  and  gas  bearings. 

6.  ESTABLISHING  TRADE-OFFS 

6.1  Performance  Trade-Offs.  A  helicopter  designer  is  mainly  interested  in  four  performance 
criteria  from  an  engine: 

a.  Low  cruise  (part-load)  SFC 

b.  Maximum  available  power 

c.  Good  handling 

d.  Low  installation  weight 

A  major  problem  wit!:  gas  turbines  has  always  been  that  ox  achieving  a  low  cruise  SFC,  whilst 
at  the  same  time  having  a  satisfactoiy  Contingency  power  level.  This  is  illustrated  in  Figure 
3.  Figure  b  shows  operating  times  at  each  power  level  for  a  typical  helicopter.  This 
information  was  obtained  using  an  Engine  Usage  and  Life  Monitoring  System  (EUMS  Mk  2),  an  MOD 
supported  programme.  It  may  be  clearly  seen  that  helicopter  engines  spend  most  of  their  operating 
time  in  two  distinct  and  separate  power  bands:  cruise  and  take-off /landing;  the  Contingency,  or 
One  Engine  Inoperative  (OKI),  power  levels  are  rarely  used.  This  being  so,  improvements  in  cruise 
SFC  could  be  obtained  cither  if  the  power  available  from  a  smaller,  lighter  engine  could  be 
increased  even  for  a  short  period  of  time  (to  level  C  on  Fig  3),  or  if  the  take-off  power 
required  from  the  engine  could  be  reduced  (to  level  A),  still  leaving  power  in  hand  for  Ot'J 
operation.  The  former  approach,  because  it  uses  a  smaller  engine  for  a  given  power  level  than 
would  be  permitted  using  conventional  rating  structures,  would  require  an  Emergency  power  above  the 
current.  Maximum  Contingency  level  (see  para  6.2).  For  a  given  twin  engined  helicopter  a  reduction 
in  cruise  SFC  of  15  ug/J  (.1  lb/SHPhr)  over  a  3  hour  mission  at  an  average  of  350  kW 
(500  SHP)  per  engine  is  the  equivalent  of  a  reduction  in  weight  of  130  kg  (300  lb)  in  engine 
installation  weight.  Surh  «  reduction  slight  be  achieved  through  the  use  oi  a  flexible  rating 
system.  The  second  approach  would  require  the  use  of  multiple  engines. 


Figure  5  shows  typical  powe  '  levels  required  for  1,2  and  3  engined  versions  of  a  helicopter. 

In  the  single  engine  case  if  engine  power  is  lost  the  helicopter  will  have  to  auto-rotate  and  land. 
In  the  2  and  3  engine  cases  it  is  expected  that  safe  flight  can  continue  on  the  remaining 
engines.  To  achieve  the  power  range  required  for  the  helicopter,  a  two  engine  solution 
requires  a  much  greater  power  range  from  each  engine  than  a  single  engine  solution.  More 
importantly,  it  can  be  seen  that  a  three  engine  helicopter  requires  a  considerably  smaller  power 
range  than  does  a  two  engine  helicopter. 

There  are  cf  course  otner  aspects  of  3  engine  installations  to  be  considered,  such  as  flight 
safety f  the  intake  design  of  q.  middle  engine,  and  the  engine/transmission  configuration. 

6.2  Power  Versus  Life.  In  very  general  terms  engine  life  consumption  can  be  measured  in  3  ways. 
These  arc  stress  cycles,  time /temperature  history,  and  hours.  The  first  is  a  measure  of  low 
cycle  fatigue  damage,  the  second  is  a  measure  of  such  damage  as  creep  ard  thermal  fatigue,  and  the 
third  is  a  measure  of  "wear-out"  damage.  High  temperature  material  limitations  and  design 
practice  have  been  such  that  turbine  blade  failures  have  been  more  predominant  than  low  cycle 
fatigU',  (LCF)  disc  failures,  whilst  wear-out  failure  modes  are  independent  of  these.  This 
has  meant  that  power  versus  life  (ir  terras  of  time /temperature  damage)  has  become  a  classic  gas 
turbine  trade-off. 

The  power  levels  that  can  be  used  depend  on  the  nature  of  the  Type  Approval  or  qualification  tests 
which  the  engine  must  undergo.  The  endurance  tests  called  for  by  the  major  airworthiness 


4-7 


requirements  are  severe  in  terms  of  creep,  to  ensure  durability  and  integrity.  Supplementary  tests 
are  required  to  validate  components  subject  to  low  cycle  fatigue.  The  engine  usage  spectrum  on 
qualification  tests  is  quite  different  from  that  in  operational  service,  in  order  to  ensure  that 
the  engine  has  a  severe  test  in  a  short,  time. 

There  is  also  a  wide  variation  of  creep  and  fatigue  usage  from  engine  to  engine  in  an  operator's 
fleet.  The  authorized  engine  or  module  life,  currently  declared  in  hourB ,  is  set  so  as  to  ensure 
that  the  most  severely  used  engine  does  not  suffer  premature  failure.  It  follows  therefore  that 
the  majority  of  engines  do  not  achieve  their  potential  lives.  Considerable  progress  has  been 
made  in  recent  years  towards  "on-condition"  maintenance,  but  this  concept  is  at  present  difficult 
to  employ  on  parts  subject  to  creep  and  more  so  on  parts  subject  to  LCF.  The  use  of  on-board 
recorders  to  monitor  life  in  terms  of  creep  and  fatigue  on  individual  engines  would  enable  them 
to  achieve  a  much  higher  proportion  of  their  potential  lives,  and  so  save  on  engine  support  coats. 
Additionally,  continuous  monitoring  of  engine  usage  would  permit  a  much  more  flexible  use  of 
higher  engine  ratings,  as  described  in  para  3.5.  (Refs  6,  7,  8)  and  the  use  of  Emergency  power  levels 
higher  than  current  Maximum  Contingency  levels.  Such  Emergency  power  levels  would  be  acceptable, 
provided  that  the  integrity  of  the  engine  had  been  demonstrated  during  Type  Approval  testing, 
and  the  life  consumption  during  their  use  was  recorded.  The  Engine  Usage  and  Life  Monitoring 
System,  currently  being  developed  under  MOD(PE)  contract,  provides  a  meanB  of  achieving  these 
aims . 

MJD(PE)  are  currently  carrying  out  a  review  of  their  engine  Type  Approval  requirements.  The 
advantages  to  be  gained  from  new  philosophies,  and  changes  necessary  in  the  testing  procedures 
are  being  considered  (Ref  6,8).  Whilst  it  is  difficult  at  the  time  of  writing  to  forecast  the 
outcome  of  the  review  of  our  requirements,  a  number  of  factors  can  be  mentioned. 

In  order  to  improve  the  simulation  of  the  operational  low  cycle  and  thermal  fatigue  usage 
it  has  become  the  practice  to  carry  out  "Accelerated  Mission  Tests"  (AMT)  or  "Sortie  Pattern 
Tests"  on  development  engines.  These  tests  are  aimed  at  reproducing  as  accurately  as  possible 
the  damaging  parts  of  the  engine's  operational  usage.  Although  these  tests  are  not  currently  a 
mandatory  part  of  UK  Type  Test  requirements,  they  have  been  extensively  used.  The  possible 
role  of  the  AMT  in  the  qualification  process  is  now  being  considered. 

Emergency  power  levels  are  likely  to  differ,  both  in  power  and  time  of  application,  not  only  from 
engine  to  engine  but  in  different  applications  of  the  same  engine.  The  approval  of  Emergency  power  is 
therefore  likely  to  require  a  flexible  approach  by  the  approving  authority,  rather  than  a 
single  fixed  test  schedule,  but  nevertheless  should  be  an  integral  part  of  the  engine  endurance 
testing. 

The  operational  life  of  an  engine  is  very  much  dependent  on  the  environment  in  wnieh  it-  operates. 

The  environmental  tests  which  an  engine  and  its  accessories  must  undergo  are  therefore  also  being 
reconsidered. 

6.3  Engine  Power  Off-Takes  and  Accessories.  Engine  auxiliary  power  off-takes  and  engine  mounted 
accessories  provide  a  simple  reliable  installation.  These  advantages  have  been  eagerly  seized 
by  aircraft  manufacturers.  It  may  be,  however,  that  changes  in  current  design  practice  will 
occur. 

With  a  free  turbine  engine  it  can  be  shown  that  for  a  given  fuel  flow  every  1  kW  taken  from  the 
gas  generator  may  reduce  the  power  turbine  output  by  about  2-3  kW  at  the  cruise  condition.  In 
practice  this  is  seen  as  an  increase  in  fuel  flow.  It  would  be  preferable  to  drive  as  many 
engine  accessories  as  possible  from  either  the  power  turbine  shaft  or  the  helicopter  gearbox. 
Accessories  that  could  be  considered  in  this  light  are  engine  oil  coolers,  generators  and  hydraulic 
pumps  for  the  rotorhead  which  together  typically  consume  10-EO  kW. 

Ease  uf  starting  has  important  repercussions  on  the  operational  capability  of  a  helicopter.  As 
an  example,  both  the  type  of  starting  system  and  its  installed  weight  are  directly  related  to  the 
starting  assist /resist  characteristic  of  the  main  engine.  An  examination  of  engine  specifications 
reveals  that  self-sustaining  speeds  and  starting  torques  have  gradually  risen  so  that  some  modem 
engines  require  starting  systems  several  times  more  powerful  than  those  of  similai  size  engines 
of  10  to  15  years  ago.  Even  if  cost  analysis  shows  that  this  is  an  acceptable  consequence  of  the 
trend  towards  decreasing  fuel  consumption  in  modern  engines,  the  point  may  have  been  reached 
where  unconventional  starting  systems  msy  be  worth  considering.  These  would  need  to  have  a  much 
higher  power  to  weight  ratio  than  current  systems.  Possibilities  worth  investigating,  if  the 
logistics  aspects  are  acceptable,  are  hot  gas  starters  or  even  two  stroke  piston  engines. 

In  addition  to  the  approaches  mentioned  abpve,  the  general  use  of  standardized  higher  speed  or 
direct  drives  would  also  lower  transmission  weight  for  both  accessories  and  airframe.  This 
approach  has  been  examined  periodically  in  the  past,  but  present  day  requirements  may  motivate 
more  determined  development  programmes  and  lead  to  a  change  in  design  practice  for  engine  -mounted 
accessories . 

7.  TOWARDS  A  RANGE  OF  ENGINES 

In  this  paper  it  has  been  shown  that  military  helicopters,  and  nence  their  engines,  fall  into  two 
general  categories ,  long  endurance  naval  types  and  short  endurance  battlefield  and  support  types .  The 
principal  characteristics  of  each  type  depend  on  the  relative  importance,  already  outlined  in  Table  1, 
of  factors  such  as  specific  fuel  consumption,  ability  to  function  in  the  operational  environment,  arid 
weigl.t.  Given  a  choice  of  several  engines,  all  of  which  meet  the  technical  requirements,  the 
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procuring  agency  vould  ideally  select  the  option  with  minimum  life  cycle  cocto  although  other  aspects 
such  as  availability  and  industrial  considerations  would  also  influence  the  decision. 

As  discussed  in  para  3.1*,  minimum  life  cycle  cost  for  the  land-baBed  short  endurance  helicopter  might 
be  achieved  with  an  engine  of  low  first  cost,  although  with  a  higher  SFC.  However,  for  an  engine 
to  be  used  in  a  long-endurance  naval  helicopter,  or  in  a  combined  fleet ,  the  more  sophisticated  engine 
with  lover  SFC  may  be  operationally  necessary  despite  higher  procurement  cost. 

It  is  in  the  interests  of  manufacturer  and  military  procurement  agency  alike  to  minimise  unit  cost 
by  spreading  first  costs  over  a  long  production  run.  In  practical  terms,  this  means  developing  an 
engine  which  will  be  competitive  in  as  many  markets  as  possible,  both  military  and  civil,  even  if  the 
initial  development  is  paid  for  with  military  funds.  To  attract  commercial  customers  trade-offs 
may  need  to  be  modified  to  suit  their  needs.  To  increase  sales  volume  further,  several  applications 
of  the  core  engine  should  be  possible,  eg  turboshaft,  turboprop,  turbofan,  jet  and  industrial. 

Only  after  all  potential  markets  have  been  assessed,  should  an  engine  manufacturer  commit  himself  to 
full  development  of  a  new  engine. 

Military  helicopters  may  broadly  be  categorized  as  light,  medium/heavy,  very  large  and  anti-tank. 

With  the  exception  of  anti-tank  and  very  large  helicopters,  each  category  defines  a  basic  size  of 
helicopter,  which  depends  on  the  number  of  crew  and  passengers  it  has  to  carry.  In  the 
increasingly  complex  military  environment,  it  is  likely  that  the  weight  of  equipment  to  be  carried 
will  increase,  causing  a  tendency  for  the  weights  of  most  categories  of  helicopter  to  increase. 
Although  power  to  weight  ratios  for  naval  helicopters  are  unlikely  to  change,  some  increase  in 
installed  power  may  be  necessary  for  land-based  types  to  take  account  of  intake  and  exhaust 
protection.  For  anti-tank  helicopters,  power  to  weight  ratios  are  likely  to  increase  more  markedly 
because  of  the  need  for  agility.  On  the  assumption  that  higher  Contingency  powers  will  be  possible 
it  is  likely  that  engines  with  Hake  Off  powers  only  slightly  higher  than  those  now  in  service  will 
be  adequate  for  most  categories  of  helicopter.  In  the  very  large  category,  engines  of  powers  in 
excess  of  3000kW  (kOOO  SHP)  may  be  reauired.  Due  to  the  relatively  small  numbers  of  such 
helicopters  their  needs  should  be  considered  in  conjunction  with  those  of  turbo-prop  aircraft,  if 
economic  engine  programmes  are  desired. 

Whenever  an  engine  is  selected,  it  is  important  that  an  allowance  is  made  for  an  initial  margin 
of  power  to  cope  with  the  usual  upward  drift  of  weight  during  helicopter  development,  and  for 
weight  growth  in  service.  The  engine  should  also  have  stretch  potential  sufficient  for  later  variants 
of  the  basic  helicopter.  This  must  he  borne  in  mind  at  the  conceptual  Stages  of  any  new  engine 
design. 

8.  IN  CONCLUSION 


The  two  most  important  goals  f  r  future  military  helicopters  are  likely  to  be  improved  environmental 
resistance  and  reduced  cost  of  ownership.  Research  and  technology  programmes  over  the  next  ten 
years  will  continue  to  be  directed  towards  these  ends. 

Although  still  important,  less  emphasis  than  hitherto  may  be  given  to  improving  performance.  Indeed, 
such  improvements  in  helicopter  performance  as  might  be  gained  from  the  engine  and  airframe  may 
be  partly  offset  by  the  measures  taken  to  achieve  other  goals , 

The  introduction  of  engine  condition  monitoring  systems  should  make  an  impact  in  the  areas  of 
engine  rating  philosophy,  which  may  allow  smaller,  lighter  engines  to  be  used;  and  should  reduce 
support  costs  through  improved  "on  condition"  maintenance  techniques. 

Reappraisal  of  accessory  mounting  practice  may  lead  to  small  but  useful  improvements  in 
efficiency. 

Engine  qualification  requirements  need  to  be  continuously  reviewed,  both  to  ensure  that  new  engines 
will  be  operated  satisfactorily  in  a  changing  military  environment,  and  to  take  advantage  of 
revised  rating  structures  made  possible  by  improvements  in  engine  condition  monitoring. 
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TABLE  1 


REQUIREMENT 

ENVIRONMENT 

Battlefield 

Over  Water 

Army/Air  Force 

Navy /Air  Force 

Priority 

Priority 

Resistance  to  the  Battlefield 

Environment :  POD,  IR,  Noise,  Battle  Damage 

1 

2 

3 

1 

2 

3 

Survivability 

J 

y 

Resistance  to  Icing  and  Salt  Corrosion 

y 

y 

Operating  Range  and  Endurance 

y 

y 

Agility  and  Engine  Handling 

y 

Maintainability 

«/ 

y 

Life  Cycle  Cost 

v/ 

y 

Flexible  Rating  Structure 

y 

y 

Low  Weignt 

y 

/ 

Multi-Fuel  Capability 

j 

y 

Improved.  Starting 

— — — - 

y 

y 

Priority  1 
2 
3 


Requirements  essential  to  the  performance  of  the  intended  mission  of  the  helicopter. 
Important  requirements,  but  less  crucial  than  those  in  category-  1. 

Desirable  features,  if  they  can  be  achieved  without  prejudice  to  items  of  priority  1 
and  2. 
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DISCUSSION 


C.Albrecht,  US 

Could  you  elaborate  as  to  how  you  might  exploit  the  potential  life  of  life-limiting  parts? 

Author’s  Reply 

There  are  two  possible  approaches:  first,  to  reduce  the  life  lost  during  overhaul  when  components  arc  removed 
because  they  have  less  residual  life  (in  hours)  than  the  customer  is  willing  to  accept;  second,  to  extend  the  life  of 
parts  that  have  not  been  subjected  to  severe  conditions.  Both  approaches  require  the  use  of  an  engine  usage  and 
condition  monitoring  system  (HUMS). 


K. Rosen,  US 

Did  you  imply  in  your  discussion  that  engine  cost  is  not  an  important  parameter? 

Author’s  Reply 

Prime  consideration,  in  our  view,  is  that  of  total  helicopter  costs,  and  not  just  engine  costs. 
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ABSTRACT 

Mechanical  components  have  a  significant  influence  on  the  efficiency  of  a  small 
gas  turbine  engine.  Some  of  the  performance  losses  associated  with  the  design  of  the 
power  transmission  and  internal  air  system  are  defined  and  discussed.  Improvements 
in  engine  efficiency  must  be  considered  in  conjunction  with  cost,  reliability  and  size 
or  weight.  Many  of  the  problems  considered  are  applicable  to  gas  turbines  in  general 
but  became  acute  in  small  engines  due  to  the  adverse  effects  of  scale  on  many  component 
design  parameters.  To  meet  the  increasing  demand  for  more  efficient  powerp] ants  the 
mechanical  research  engineer  must  improve  the  analysis  of  mechanical  component  behaviour 
to  produce  optimised  engine  designs. 


INTRODUCTION 

As  a  general  rule  the  inefficiency  of  an  engine  due  to  mechanical  considerations 
does  not  scale  with  engine  size.  Thus,  for  a  small  engine,  the  losses  related  to  the 
mechanical  systems  will  be  a  much  higher  proportion  of  the  output  power  than  is  the 
case  with  its  larger  relatives  (Figure  1) .  The  problem  is  compounded  by  the 
requirement  to  produce  shaft  power  rather  than  jet  thrust  thereby  necessitating  a  low 
speed  output  transmission  system.  The  mechanical  control  of  the  internal  air  system 
also  becomes  more  difficult  as  size  decreases  because  features  such  as  the  clearances 
of  seals  and  blade  tips  do  not  scale  directly. 

The  current  emphasis  on  overall  engine  efficiency  (1)  has  meant  that  the  mechanical 
aspects  of  small  engine  performance  have  cane  under  careful  scrutiny.  However,  the 
overall  requirement  of  cost,  reliability,  mechanical  efficiency  and  compact  design  are 
highly  interrelated  and  often  incompatible. 

The  purpose  of  this  paper  is  to  review  the  progress  in  the  mechanical  systems  of 
small  engines  and  to  assess  the  current  state  of  the  technology.  The  discussion  is 
limited  to  the  power  transmission  and  internal  air  systems.  These  two  between  them 
limit  the  overall  efficiency  of  the  engine  by  incurring  direct  mechanical  losses  from 
the  rotating  components  and  cycle  losses  due  to  bleeds  and  leaks  frem  the  main  engine 
gas  stream. 


POWER  TRANSMISSION  SYSTEMS 

In  the  case  of  a  gas  turbine  engine  the  term  'transmission  system'  encanpasses 
all  the  components  that  support  rotating  shafts  or  transmit  power.  In  a  multi-shaft 
engine  such  as  the  R-R  Gem  (Figure  2)  a  large  proportion  of  the  engine  volume  is 
concerned  with  the  transmission  and  its  associated  components  such  as  the  oil  system. 

Bearings 

Over  the  past  20  years  the  main  improvement  in  the  life  and  load  capacity  of 
rolling  bearings  has  been  due  to  material  changes;  firstly  the  move  from  carbon  chrome 
to  tool  steel  and  secondly  the  introduction  of  vacuum  melted  materials  rather  than  air 
melted.  Bearing  lives  for  a  given  specific  load  have  improved  by  an  order  of 
magnitude.  However,  there  now  seems  to  be  little  scope  for  further  rapid  changes  and 
future  improvements  will  be  achieved  by  subtle  refinements  to  design,  materials  and 
lubrication.  The  internal  geanetry  in  ball  bearings  is  also  approaching  its  limit. 
Very  close  conformities  are  required  to  withstand  the  high  applied  and  centrifugal 
loadings  yet  at  the  very  high  speeds  proposed  for  new  engines  the  resultant  large 
contact  ellipses  will  give  rise  to  considerable  heat  generation  (to  the  detriment  of 
the  oil  films).  The  requirements  of  high  load  capacity  and  good  mechanical  efficiency 
are  incompatible  and  the  added  complication  of  high  speed  is  pushing  conventional 
technology  to  its  limit  (2). 

In  the  case  of  roller  bearings  the  difficulties  stem  fran  a  combination  of  high  speed 
and  low  loads.  Under  such  conditions  the  high  viscous  drag  on  the  cage  and  low 
frictional  force  between  the  rollers  and  driving  race  will  result  in  skidding  (3). 

Skid  itself  is  not  necessarily  destructive;  it  is  the  combination  of  dynamic  loads 
and  thin  oil  films  which,  in  the  presence  of  slip,  allows  asperity  contact  and  surface 
damage.  Conventional  methods  of  skid  control  involve  some  degree  of  preloading  across 
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the  bearing.  In  small  engines  this  is  unacceptable  due  to  the  high  stiffness  of  the 
tracks.  Research  into  the  cause  and  nature  of  slip  in  high  speed  roller  bearings 
(4,5  and  6)  has  shown  that  it  is  possible  to  control  slip  by  a  revised  design  of  the 
bearing,  lubrication  system  and  housing.  Both  slip  and  heat  generation  are  functions 
of  the  drag  acting  on  the  cage  and  rollers.  Thus,  any  techniques  that  can  be  used 
to  reduce  it  such  as  low  oil  flows  and  small  rollers,  will  not  only  reduce  slip  but 
will  also  improve  the  mechanical  efficiency.  Unfortunately,  such  techniques  require 
the  bearing  to  be  externally  cooled  and  the  overall  system  will  become  more  complex. 

In  addition  to  internal  heat  generation,  small  engine  bearing  chambers  receive 
a  large  amount  of  external  heat  input  due  to  their  proximity  to  the  gas  stream.  Oil 
is  supplied  to  a  bearing  chamber  to  achieve  two  major  tasks  -  lubrication  and  cooling. 
Since  a  large  proportion  of  the  heat  to  be  removed  from  the  bearing  chamber  originates 
from  outside  the  chamber  it  can  be  argued  that  only  a  small  proportion  of  the  cooling 
oil  need  enter  the  chamber  and  most  of  the  external  cooling  can  be  achieved  by  means 
of  an  oil  jacket,  separately  fed  and  scavenged.  (Fig. 3)  Such  a  system  would  result 
in  reduced  churning  losses  and  less  chance  of  oil  leakage  since  the  total  volune  of 
oil  is  now  much  smaller  compared  to  the  volume  of  the  chamber. 

At  the  same  time,  attention  should  be  given  to  reducing  the  radiation,  conduction 
and  convection  heat  transfer  paths  between  the  gas  stream  and  bearing  chamber. 

In  future  engines  it  may  be  possible  to  replace  the  high  speed,  lightly  loaded 
turbine  roller  bearings  by  self  acting  gas  bearings.  Such  a  system  can  run  at  elevated 

temperature  with  no  oil  flow  and  with  very  little  power  loss  giving  a  simple  and  elegant 
design  (figure  4),  However,  the  load  capacity  of  such  bearings  is  low  compared  with 
the  rolling  bearings  that  they  replace  and  they  cannot  yet  replace  highly  loaded  thrust 
bearings . 

Gears 


As  is  the  case  with  bearings,  the  greatest  improvement  in  gears  has  been  the 
materials.  If  gears  are  to  be  run  successfully  at  very  hiqh  speeds  then  they  must 
approach  geometric  perfection  as  it  is  often  the  internally  generated  dynamic  loads 
rather  than  the  direct  applied  load  that  is  the  cause  of  failures.  Figure  5 
illustrates  the  lubrication  regimes  for  a  pair  of  gears.  At  the  elevated  speeds 
encountered  in  small  gas  turbines  boundary  lubrication  is  not  usually  a  problem.  The 
gears  will  be  designed  to  run  under  full  lubrication  (zone  II)  but  additional  loads 
generated  by  errors  in  tooth  form  or  position  can  easily  cause  the  operating  point 
to  shift  yo  zone  III,  resulting  in  failure.  Final  breakdown  may  be  in  the  form  of 
scuffing*  (a  rupture  of  the  oil  film,)  Surface  pitting  (roiling  contact  fatigue)  or 
fatigue  at  the  roots  of  the  teeth.  All  of  these  can  be  controlled  by  careful 
manufacture  of  the  tooth  flanks,  roots  and  pitch. 

The  introduction  of  conformal  gears  in  some  low  speed  aerospace  applications  has 
given  an  increase  in  load  capacity  due  to  the  stronger  tooth  form  but  the  higher 
sliding  velocities  and  consequent  difficulty  in  maintaining  the  oil  film  has  prevented 
their  use  at  higher  speeds. 

Any  attempts  to  properly  optimise  the  lubrication  system  reveals  an  incompatibility 
in  lubricant  requirements  for  bearings  and  gears.  Clearly  the  entire  transmission 
system  must  share  one  common  lubricant  but  the  ideal  lubricant  for  gears  has  a  high 
viscosity  to  maximise  the  oil  film  and  a  low  traction  coefficent  to  minimise  the 
frictional  losses  whereas  bearings  require  a  low  viscosity  to  reduce  cage  drag  and  a 
high  traction  coefficient  to  drive  the  cage  with  as  little  slip  as  possible. 

Analytical  Techniques 

Since  the  introduction  of  small  turbo-shaft  engines  there  has  been  a  tendency  to 
neglect  the  analytical  techniques  as  the  transmission  systems  have  become  increasingly 
sophisticated.  The  result  is  that  conventional  prediction  techniques  are  not  capable 
of  dealing  with  the  subtleties  of  the  new,  high  speed  transmissions. 

During  the  early  1960's  reliable  solutions  to  the  elasto-hydrodynamic  problem 
became  available.  This  lead  to  improved  estimates  of  bearing  and  gear  life.  Gear 
analyses  are  normally  based  on  traditional  techniques  and  individual  experience,  a 
method  that  generally  works  well.  The  analysis  of  high  speed  bearings,  is,  however, 
less  reliable,  and  the  techniques  are  constantly  being  developed.  Many  of  the  existing 
methods  (7,8)  involve  simplifications  that  are  no  longer  acceptable.  A  complete 
analysis  of  a  bearing  system  is  a  complex  undertaking  (9,10)  and  the  art  is  to  simplify 
these  techniques  while  retaining  the  necessary  variables.  An  example  of  this  is  slip 
in  ball  and  roller  bearings  where  relatively  simple  techniques  (2,11)  have  produced 
reliable  results.  It  has  became  increasingly  clear  that  the  thermodynamics  of  the 
bearing  chamber  must  be  considered  if  a  proper  analysis  of  slip  is  to  be  achieved 
(figure  6).  The  introduction  of  oil  jackets  and  other  cooling  techniques  further 
complicate  the  thermodynamic  model. 


Internal  Air  Systems 


The  internal  aij  system  comprises  a  number  of  mechanical  devices  which  control  the 
airflows  within  the  engines  to  govern  the  sealing  of  hot  gases  and  bearing  chambers, 
the  temperature  of  'hot'  components  and  the  thrust  load  acting  on  the  mainshaft  ball 
bearings.  It  is  essential  to  perform  each  of  these  important  functions  with  the 
minimum  expenditure  of  aj i  since  any  air  bled  from  the  compressor/ turbine  cycle  will 
have  a  significant  affect  on  engine  performance. 

Turbine  Blade  and  Nozzle  Vane  Cooling 

As  TET's  have  been  increased,  new  high  temperature  materials  and  complex  cooling 
systems  have  been  developed  to  achieve  satisfactory  component  stresses  and  life.  This 
has  resulted  In  problems  of  mechanical  design,  for  the  components  themselves  and  the  air 
delivery  systems  where  the  requirement  for  high  pressure  air  feeds  to  turbine  blades 
and  nozzle  vanes  exacerbates  any  leakage  problems  due  to  small  engine  seal  clearance 
limitations.  As  ths  amount  of  air  needed  for  cooling  is  dependent  upon  its  delivery 
temperature  the  heat  transferred  to  the  cooling  air  feed  should  be  kept  to  a  minimum. 

The  use  of  nozzles  to  preswirl  the  air  in  the  blade  cooling  feed  system  produces  a 
temperature  reduction  when  transferring  air  from  a  static  to  rotating  environment. 

Since  mainstream  air  bleeds  are  a  debit  to  the  engine  performance  all  cooling  flows 
should  be  minimised.  This  is  especially  tjue  for  nozzle  end  wall  cooling  flows  due  to 
the  influence  of  film  cooling  air  boundary  layers  on  secondary  losses  in  low  aspect 
ratio  nozzle  vanes. 

The  physical  size  of  email  engine  nozzle  vanes  and  turbine  blades  creates  difficulties 
in  manufacturing  the  complex  cooling  passages  needed  for  high  effectiveness  cooling 
especially  in  the  leading  and  trailing  edge  regions. 

It  is  therefore  important  to  consider  carefully  any  performance  losses  associated 
with  the  introduction  of  component  cooling  along  with  the  temperature  limitations  of 
new  materials  when  daci.ding  upon  the  optimum  TET  for  a  new  or  uprated  engine. 

Disc  Sealing  and  Cooling 

In  early  gas  turbines  little  enphasis  was  placed  on  preventing  hot  gases  trait 
entering  the  core  of  the  engine.  However,  ar.  speeds  and  temperatures  have  Increased 
it  has  become  necessary  to  prevent  hot  gas  ingestion  at  the  disc  rim  a.,d  avoid  over¬ 
heating  the  highly  stressed  turbine  discs.  The  technique  that  has  been  developed  is 
to  bleed  ielc>tiveiy  cool  compressor  air  radially  outwards  across  the  face  of  the  disc. 
Research  into  the  sealing  reauirementt.  of  a  rotor/stator  cavity  has  shown  that  the 
minimum  airflow  needed  is  a  function  of  rotational  Reynolds  No. ,  disc  radius  and  rim 
gap.  (12). 

The  guantity  of  air  used  for  turbine  rim  sealing  should  oe  the  minimum  possiole 
since  it  has  e  double  effect  on  engine  performance.  Firstly,  air  bled  from  the  main 
gas  strean  does  no  useful  turbine  work  and  secondly,  this  air  can  cause  severe  disturbance 
to  the  turbine  blade  flows  when  injected  into  the  gas  stream  at  the  disc  rim.  Improving 
the  geometric  design  of  tne  rim  seal  allows  satisfactory  hot  gas  sealing  with  a  smaller 
airflow.  For  large  gas  turbine  engines  complex  rim  seals  have  become  a  standard  feature 
but  are  not  easily  designed  into  small  engines  since  it  is  difficult  and  expensive  to 
manufacture  reduced  scale  seals  of  this  type  to  suitable  tolerances. 

Work  is  in  progress  to  optimise  the  rim  seal  design  using  realistic  small  engine 
geometries  from,  which  a  comparison  can  be  made  with  the  correlation  for  more  idealised 
geometries  (Figure  7). 

Improved  understanding  of  the  complex  flow  mechanisms  associated  with  rotating 
components  hab  enabled  the  air  system  to  be  optimised  for  better  control  of  component 
temperatures. 

By  varying  component  geometries  and  air  bleeds  it  is  possible  to:- 

a)  Influence  temperatures  in  turbine  discs  to  alleviate  thermal  stress  problems 
associated  with  adverse  temperature  gradients  possible  during  rapid  star  c/take-off 
operation.  Figure  fl  shows  an  example  of  an  integral  blade  and  disc  where  the  disc 
rim  responds  very  rapidly  to  changes  In  gas  temperature. 

b)  Reduce  the  windage  generated  by  the  rotating  components  which,  as  well  as  being  a 
direct  mechanical  engine  power  loss,  is  largely  dissipated  as  heat.  This  latter 
effect  can  cause  severe  temperature  problems  in  components  such  as  centrifugal 
compressors  operating  at  high  rotational  speeds  unless  the  windage  is  controlled, 
(figure  9) . 
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Turbine  Tip  Clearance  Control 

As  faster  hotter  engines  have  evolved,  blade  stresses  have  forced  the  trend  away 
frcm  shrouded  turbine  blades  (figure  10(b))  to  unshrouded  blades  (figure  10(a)).  With 
separate  shrouds  it  is  essential  to  beep  the  turbine  tip  to  shroud  gap  as  small  as 
possible  at  cruise  and  take-off  conditions  so  as  t.o  minimise  overtip  leakage  and  thereby 
avoid  the  associated  reductions  in  turbine  efficiency  and  engine  power  output. 

Comparison  of  achievable  tip  clearance  with  blade  height  highlights  the  problem  of  small 
engine  tip  clearance  control  where  sheer  size  causes  difficulties  in  manufacturing  and 
operating  a  mechanically  active  tip  clearance  control  system  in  an  environment  of  1100- 
1200°C  and  45000  rpm . 

The  main  problem  with  metal  shrouds  at  high  turbine  entry  temperatures  (TET)  is 
distortion  and  as  TET's  are  increased,  metal  shrouds  recniire  cooling  systems  of  ever 
increasing  complexity  to  maintain  satisfactory  metal  temperatures  and  control  growths 
to  give  acceptable  tip  clearance.  With  such  arrangements  there  must  always  be  a 
compromise  between  minimum  tip  clearance  at  high  operating  powers  and  possible 
transient  pinch  points  during  acceleration  or  shutdown.  These  shroud  cooling  systems 
either  use  air  which  is  ejected  directly  into  the  gas  stream  or  air  which  is  subsequently 
used  to  coo)  the  nozzle  guide  vanes.  The  former  system  incurs  a  performance  penalty 
and  the  latter  system  degrades  the  quality  of  the  nozzle  cooling  air. 

An  insulating  layer  can  be  used  on  these  shrouds  to  reduce  the  gas  stream  heat 
transfer  end  should  ideally  possess  abradable  properties  to  prevent  blade  damage  during  a 
transient  rub.  it  is  however  difficult  to  develop  a  satisfactory  abradable  material 
which  can  withstand  gas  erosion  at  elevated  TET's, but  recent  research  has  produced  new 
more  suitable  materials. 

An  alternative  to  the  complexity  of  cooled  and  Insulated  shrouds  is  to  use  a  high 
temperature  ceramic  material  such  as  silicon  carbide  (figure  11) .  Certain  ceramic 
materials  have  low  expansion  properties  and  excellent  high  temperature  capabilities 
enabling  a  ceramic  shroud  to  operate  uncooled  at  high  TET's  with  low  distortion,  small 
clearances  at  high  powers  and  without  transient  blade  rubs. 

The  disadvantage  of  ceramic  shrouds  is  that  ceramics  are  relatively  brittle  compared 
to  current  high  temperature  metal  alloys  and  therefore  any  designs  should  ensure  that 
ceramic  components  are  not  subjected  to  severe  tensile  leads,  either  self  generated 
thermal  shock  or  applied  physical  load.  Care  should  be  taken  to  mechanically  insulate 
any  ceramic  component  from  adjacent  metal  structure  by  using  a  compliant  mounting  system 
to  reduce  any  thermally  induced  stress  concentrations. 

Turbir.e  sbrpudc  are  an  ideal  application  for  ceramics  since  they  are  not  highly 
stressed,  yet  the  potential  gain  in  turbine  efficiency  is  substantial. 

Bearing  Chambers  and  Loading 

The  combination  of  turbir.e  reaction  loads  and  air  pressure  loads  on  disc  faces  can 
result  in  net  aerodynamic  loads  in  excess  of  50D0N,  acting  axially  on  an  engine  shaft. 

To  achieve  adequate  bearing  life  these  loads  are  generally  reduced  by  incorporating 
balance  piston  discs  v/ith  air  pressure  differentials  between  their  faces  separated  by  a 
labyrinth  seal.  The  characteristics  of  a  labyrinth  seal  are  such  that  the  leakage  flow 
is  a  function  of  the  pressure  difference  and  the  operating  clearance.  Seal  clearances 
are  governed  by  tolerance  build  up,  thermal  and  centrifugal  growths  and  radial  clearances 
in  the  bearing  and  squeeze  film.  These  factors  are  similar  for  snail  and  large  engines 
which  often  create  smaxl  engine  problems  where  seal  airtlows  are  in  excess  of  chose 
required  for  rim  sealing  bearing  chamber  sealing  or  cooling  purposes. 

It  may  be  necessary  to  incorporate  bearing  chamber  vents  to  maintain  satisfactory 
seal  pressure  drops  and  prevent  oil  leakage.  As  well  as  wasting  expensive  compressor 
air,  the  presence  of  large  quantities  of  relatively  hot  air  (canpared  to  oil  temperature) 
in  the  bearing  chamber  produces  increased  bearing  temperatures  and  places;  greater 
demands  on  the  oil  cooling  system.  To  improve  sealing  efficiency  new  types  of  seal 
are  being  considered  such  as  brush  seals;  hydraulic  seals  which  can  theoretically 
withstand  150  psi  at  small  engine  sizes  and  speeds,  and  self  acting  lift  off  seals 
which  operate  on  the  same  principle  as  gan  bearings.  Positive  bearing  chamber  seals 
would  reduce  air  wastage  and  heat  rejection  to  the  oil  and  would  allow  suction  scavenge 
to  remove  the  oil  as  opposed  to  pressurised  bearing  cnambers. 

As  well  as  reducing  the  applied  bearing  thrust  loads  progress  has  been  made  in 
increasing  the  load  capacity  of  the  bearings.  However,  higher  load  capacity  results 
in  larger  bearings  with  increased  power  losses,  especially  for  multi-row  bearing 
arrangements.  A  design  compromise  must  therefore  be  reached  between  mechanical  loss 
and  air  system  bleed  performance  penalties. 


CONCLUSIONS 


This  paper  has  discussed  sane  of  the  difficulties  encountered  in  providing 
satisfactory  mechanical  systems  for  modern  small,  high  speed,  high  temperature, 
turboshaft  engines.  The  increasing  demand  for  more  efficient  engines  requires 
the  mechanical  components  to  be  optimised  to  a  much  higher  degree  than  has  previously 
been  necessary.  New  analytical  methods  are  needed  if  that  optimisation  is  to  be 
achieved  as  the  engine  is  designed. 

Since  the  introduction  of  small  gas  turbines  considerable  improvements  have  been 
made  in  the  power  transmission  and  internal  air  systems  in  respect  to  both  component 
efficiencies  and  lives.  However,  as  development  continues  the  law  of  diminishing 
returns  inevitably  applies  thus  further  improvements  present  a  challenge  to  the  research 
engineer  and  require  courage  on  behalf  of  the  designer,  who  must  include  ideas  that  are, 
in  sane  cases,  totally  new. 
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Fig.6  Comparison  of  new  and  conventional  cage  slip  analyses  for 
a  typical  small  gas  turbine  roller  bearing 
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Fig. 9  Heat  transfer  mechanisms  in  a  centrifugal  compressor 


DISCUSSION 


B.Shotter,  UK 

Could  the  authors  comment  further  on  their  suggestion  that  conformal  gearing  is  not  appropriate  for  high  pitch  line 
speeds?  My  experience  is  contrary  to  this  statement.  These  gears  can  operate  up  to  about  100  m/s  and  perhaps  even 
further.  As  far  as  has  been  investigated,  the  lubrication  losses  with  conformal  teeth  have  always  been  lower  than 
with  the  equivalent  involute  teeth. 

Author’s  Reply 

We  thank  you  for  your  comments  and  are  interested  in  learning  more  about  your  recent  developments  in  this  field. 


D.Hennecke,  Ge 

In  Figure  1 1  you  show  turbine  shroud  cooling  concepts.  What  insulation  material  do  you  use  in  design  (b)? 

Author’s  Reply 

The  insulation  in  design  (b)  is  a  nickel-aluminium  filk  1  honeycomb. 


D.Hennecke,  Ge 

Have  you  already  built  a  ceramic  shroud  as  shown  in  design  (c)  and  what  is  your  experience? 

Author’s  Reply 

A  ceramic  turbine  shroud  will  be  tested  in  the  Gem  Advanced  Mechanical  Engineering  Demonstrator  (AMED)  in 
September  1981. 


D.Hennecke,  Ge 

How  do  you  handle  rub-in  that  is  desired  during  running  in  of  the  engine? 

Author’s  Reply 

The  rubbing  characteristics  of  ceramic  materials  are  being  evaluated  in  a  comprehensive  research  program  to  support 
the  implementation  of  ceramic  components  into  development  engines. 


W.Heilmann,  Ge 

Is  not  the  problem  of  high  rate  of  heat  to  oil  related  to  your  design  (many  bearings,  seals,  heat  conduction  through 
struts,  etc.)? 

Author’s  Reply 

In  a  three-shaft  engine  such  as  the  Rolls-Royce  Gem  one  has  to  pay  somewhat  for  the  higher  engine  efficiency  and 
response  rate  with  an  increase  in  mechanical  losses  due  to  the  large  number  of  bearings  and  seals  required.  To  offset 
this  mechanical  loss  penalty,  we  are  incorporating  the  results  of  our  research  into  the  behavior  of  mechanical 
components  leading  to  improved  bearing  chamber  designs. 


K.Rosen,  US 

Have  you  considered  a  customer  bleed  valving  system  that  would  allow  air  to  be  taken  off  the  high  compressor  at 
low-speed  operation  and  low  compressor  at  high-speed  operation? 

Author’s  Reply 

Provision  of  alternative  sources  for  customer  air  bleed  at  different  engine  powers  could  produce  small  but  significant 
gains  in  engine  cruise  sfc  and  would  be  relatively  easy  to  incorporate  in  our  two-shaft  gas  generator  arrangement.  To 
evaluate  this  sfc  improvement  in  detail  for  particular  applications  and  assess  the  cost  effectiveness  of  such  a  system 
will  require  information  on  pressure,  temperature  and  mass  flow  requirement  for  the  cabin  bleed  at  all  operating 
conditions. 


D.Griffiths,  UK 

You  spoke  about  tbe  benefits  to  be  obtained  in  turbine  efficiency  by  close  control  of  tip  clearance.  Is  active  tip 
clearance  control  applicable  to  helicopter  engines  and  have  you  considered  such  a  system? 

Author's  Reply 

Active  tip  clearance  control  could  give  improvements  in  turbine  efficiency  in  helicopter  engines,  though  it  is  more 
difficult  to  install  such  a  system  in  a  small  engine,  which  has  a  reverse  flow  combustion  chamber,  i.ue  to  space  and 
temperature  limitations. 
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SUMMARY 

A  next  generation  medium  power  helicopter  engine  will  have  to  show  significant  ad¬ 
vances,  when  compared  with  engines  representing  todays  high  standard  of  technology.  To¬ 
wards  this  end,  reduced  fuel  consumption  will  be  a  prime  contributor,  but  new  develop¬ 
ment  can  only  be  justified,  if  it  results  in  improved  overall  engine  economics  as  well 
as  reliability. 

The  basis  for  success  is  the  application  of  advanced  but  proven  component  technolo¬ 
gy.  Design  activities  need  to  start  well  in  advance  of  the  actual  engine  program  to  de¬ 
fine  the  environment  for  component  development,  with  the  target  to  have  technology  and 
design  methodology  available  at  the  beginning  of  engine  development. 

Starting  off  with  an  optimized  thermodynamic  cycle,  it  will  be  discussed  which  com¬ 
ponents  need  intensive  research  and  development  to  render  a  mature  and  reliable  first 
production  engine.  Present  date  results,  with  regards  aerodynamic  and  structural  techno¬ 
logy,  are  presented  from  both  rig  and  demonstrator  test  programs. 
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1.  TARGETS  FOR  DEVELOPMENT 

Helicopters  today  are  an  established  part  of  aviation.  Towards  this  success  the 
high  standard  of  technology  imbedded  in  present  generation  engines  has  paid  its  vital 
contribution.  Against  this  background,  and  considering  the  ever  increasing  cost  of  de¬ 
velopment,  two  questions  will  be  rightfully  asked 

-  with  current  engines ' performance  being  so  far  advanced,  what  further  significant  im¬ 
provement  is  there  to  be  realized,  and 

-  what  is  the  impetus,  that  has  the  industry  working  on  component  development  for  e  next 
generation  helicopter  engine  today. 

Fig.  1  is  an  examplatory  attempt  to  give  part  of  this  answer.  It  compares  the  levels 
of  specific  consumption  over  Take-Of f-Pcwer ,  that  is  the  performance  offered  today  with 
the  targets  for  a  next  generation  of  engines.  This  improvement  reflects  more  ambitious 
thermodynamic  cycles  matched  to  the  aerodynamic  and  mechanical  quality  of  advance  tech¬ 
nology  components  (Ref.  1,  2,  3).  From  that  figure  it  also  becomes  apparent,  that  the 
range  around  900  kW  is  not  yet  adequately  represented. 
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However,  reducing  SFC  cannot  be  the  sole  justification  for  new  development.  In  spite 
of  increasing  fuel  cost,  it  remains  but  one  important  aspect  of  engine  economics,  in 
which  further  reduced  weight  and  volume,  higher  reliability  together  with  bette).  main¬ 
tainability  figure  equally  as  high.  It  is  this  requirement  for  better  system  performance 
and  overall  economics,  resulting  in  reduced  operating  cost,  that  the  industry  is  reacting 
to,  when  proposing  a  next  generation  of  engines. 

The  basis  for  success  still  remains  the  application  of  advanced  components  in  terms 
of  aerodynamic  and  mechanical  design.  Considering  the  tightening  schedules  available  for 
engine  development,  component  development  needs  to  start  well  in  advance.  Testing  in  both 
rig  and  demonstrator  are  paramount,  in  order  to  have  proven  technology  and  design  metho¬ 
dology  ready  at  the  beginning  of  the  actual  engine  program. 

The  work  discussed  here  is  oriented  at  the  medium  power  helicopter,  specifically  the 
900  kW  engine  class.  A  major  portion  of  it  being  MTU's  contribution  towards  a  program 
called  "MTM-Technology-Demonstration" .  It  is  jointly  pursued  with  TURBOMECA  and  in  part 
supported  by  the  competent  authorities  in  France  and  Germany*  (Ref.  4). 


2.  COMPONENT  DEFINITION  AND  CYCLE  SELECTION 

Early  design  activity  is  called  for  to  define  the  environment  for  component  develop¬ 
ment.  Towards  that  end  a  base  line  engine  design,  properly  reflecting  the  afore  mentioned 
requirements,  has  to  be  established.  This  will  then  put  advance  technology  targets  into 
proper  perspective,  and  allow  for  integrated  component  activity. 

Recognizing  the  small  size  of  future  power  plants,  particular  attention  has  to  be 
given  to  the  selection  of  an  optimum  cycle  (Fig.  2).  Aside  from  the  components ' technology 
content,  limitations  have  to  be  accepted,  which  result  from  turbine  cooling  and  size 
effects  (Fig.  2a).  To  better  point  out  these  aspects  turning  the  same  correlation  inside 
out,  though  less  common,  is  more  convenient  (Fig.  2b).  Plotted  are  turbine-stator  outlet 
temperature  versus  pressure  ratio,  with  specific  fuel  consumption  and  specific  power  used 
as  parameters.  This  to  demonstrate,  that  two  important  effects  need  be  taken  into  account: 

-  high  stator  outlet  temperatures  tend  to  increase  cooling  air  requirements,  leading  to 
deminishing  returns  in  cycle  efficiency 

-  coupled  with  such  temperatures,  there  is  an  increase  in  specific  power.  The  resulting 
reduction  in  turbomachinery  size,  augmented  by  higher  pressure  ratios,  wants  careful 
trading  against  the  now  gaining  negative  influence  of  secondary  losses  on  component 
efficiency. 

A  design  diagram  (Fig.  3)  reflects  these  inputs  and  indicates,  that  for  a  given  en¬ 
gine  size  in  terms  of  power,  the  range  of  design  parameters  to  achieve  optimum  specific 
consumption  is  rather  narrow.  Extending  the  analysis  to  partload  performance,  as  well  as 
mission  fuel  consumtion  arrives  at  the  same  results  (Ref.  5). 

The  requirement  for  optimum  partload  performance  naturally  affects  component  design. 
Especially  compressor  and  powerturbine  have  to  render  high  efficiencies  at  low  aerodyna¬ 
mic  speeds. 

On  the  way  to  component  definition  additional  factors  of  importance  have  been  con¬ 
sidered 

-  high  gasgenerator  aerodynamic  overspeed  capability  and  temperatur  margin  to  cover  emer¬ 
gency  power  ratings 

-  short  acceleration  time,  requirering  a  low  inertia  rotor,  sufficient  suraemargin  for 
the  compressor  and  a  gasgenerator-turbine  with  high  efficiency  at  reduced  aerodynamic 
speeds . 

Within  that  framework  the  base  line  engine  has  been  defined  (Fig.  4),  incorporating 
the  highest  potential  for  lowest  specific  consumption  and  a  life  of  6000  mission  hours. 

It  consits  cf  a  variable  geometry  axial/radial  compressor,  a  reverse  flow  combustor,  a 
two  stage  gasgenerator-turbine  and  a  two  stage  powerturbine  with  front  drive.  This  sets 
the  environment  for  component  work 

-  basic  development  in  the  rig,  and 

-  substantiation  of  the  technology  level  achieved  under  actual  engine  conditions  in  the 
Gasgenerator  Demonstrator  (Fig.  5), 

out  of  which  but  a  few  selected  aspects  will  be  presented. 


3 .  GASGENERATOR-TURBINE 

Targets  for  development  are 

-  high  performance  with  careful  attention  to  minimizing  secondary  effects  on  turbine 
aerodynamics,  such  as  tip  clearance  control  and  introduction  of  cooling  as  well  as 
leakage  air  into  the  main  gas  stream  (Ref.  6). 
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-  Structural  design  to  satisfy  life-,  reliability-  and  cost  requirements  in  an  environ¬ 
ment  of  elevated  thermal-  and  mechanical  loading. 

Fundamental  aerodynamic  development  is  being  carried  out  with  the  aid  of  a  cold  rig 
(Fig.  G),  designed  to  permit  separate  variation  of  the  individual  cooling  air  flows,  i.e. 
to  first  stage  stator,  first  stage  blade  and  liner,  and  second  stage  stator.  Aside  from 
verifying,  that  target  efficiencies  have  been  comfortably  achieved,  these  tests  have 
yielded  very  important  answers, which  will  help  to  further  improve  the  component  (Fig.  7): 
Cooling  airflow  of  the  first  stator  effects  capacity  only,  a  factor  when  properly  mat¬ 
ching  the  gasgenerator .  However,  both  first  blade  and  second  stator  cooling  air  effect 
efficiency.  Even  though  already  moderate,  this  penalty  can  be  further  reduced  by  optimized 
cooling  air  reintroduction. 

The  amount  of  cooling  air  required  has  a  detrimental  influence  on  cycle  efficiency, 
as  has  been  indicated  before.  Selection  of  high  thermal  strength  material  for  the  air¬ 
foils,  together  with  good  cooling  effectiveness  becomes  of  prime  importance  for  structu¬ 
ral  design.  Testing  in  the  demonstrator  (Fig.  8),  using  thermal  paints,  has  made  evident 
that  cooling  airflow  can  be  reduced.  For  example  on  the  first  stage  vane  leading  edge, 
temperatures  of  the  hottest  airfc-il  were  within  target,  the  trailing  edge  was  cooler  than 
design.  Similar  results  were  obtained  for  the  other  blades  and  vanes. 

The  structural  design  of  the  first  stage  rotor  is  clear  cut,  separate  cooled  blades 
held  in  a  powder  metal  disk;  this  technology  by  now  being  well  established  at  MTU.  The 
second  rotor  (Fig.  9)  becomes  more  of  a  challenge,  in  terms  of  cost  effectiveness.  With 
no  blade  cooling  required,  an  integrally  cast  wheel  is  feasible,  but  marginal  with  re¬ 
gards  cyclic  life.  Here  diffusion  bonding  presents  an  efficient  technique  to  combine  ma¬ 
terials,  casting  for  high  thermal  strength  of  blades  and  rim,  powder  metal  for  excellent 
low  cycle  fatigue  life  of  the  disk.  As  of  today,  structural  rig  tests  have  met  all  ex¬ 
pectancies  and  this  design  is  on  the  way  to  prove  its  potential  in  the  demonstrator. 


4 .  COMBUSTOR 

The  combustion  chamber  is  a  key  component  for  a  successful  engine.  In  view  of  ele¬ 
vated  turbine  inlet  temperatures,  its  own  durability  as  well  as  its  performance's  in¬ 
fluence  on  the  life  of  downstream  components  are  a,  literally,  vital  aspect  to  insure 
high  reliability  and  low  maintenance  cost.  Adding  the  requirement  for  low  emission  com¬ 
pletes  the  development  task  (Ref.  7). 

A  reverse  flow  combustor  has  been  selected  for  its  superior  potential  of: 

-  low  temperature  distribution  factors 

-  ef  icient  combustion  with  low  emission 

-  high  stability  and  good  relight 

-  excellent  maintainability  at  reduced  engine  length. 

However,  these  benefits,  resulting  from  larger  volume  at  hand  for  combustion  and 
additional  transition  duct  length  available  for  dilution,  have  to  be  paid  for  by  extra 
effort  to  control  wall  temperatures.  It  has  to  be  realized,  that  this  is  not  an  easy  un¬ 
dertaking,  since  both  wall  cooling  and  combustion  require  their  adequate  amount  of  air. 
But  today  it  can  be  r  ported  that  development  progress  made  does  safeguard  a  proper  dis¬ 
tribution,  as  verified  by  high  pressure  rig  and  demonstrator  testing.  Fig.  10  for  example 
shows  combustion  chamber  dome  and  outer  transition  duct  after  having  run  in  the  gasgene¬ 
rator  demonstrator.  Turbine  inlet  temperature  corresponded  to  Maximum  Continuous  rating, 
some  25  Centrigrade  below  Take-Off.  Wall  temperatures  are  very  uniform  and  nowhere  exceed 
1100  k.  This  was  made  possible  by  fiist  optimisation  of  combustion  in  the  primary  zone 
and  second  the  application  of  efficient  wall  cooling  technology. 

In  order  to  further  reduce  temperatures,  or,  with  the  same  temperature  level,  to 
allow  for  a  more  costef fective  wall  cooling  scheme,  the  use  of  thermal  barrier  coatings 
is  under  evalution.  Test  results  (Fig.  11)  indicate  the  potential  to  lower  hot  part  tem¬ 
peratures  significantly. 


5.  COMPRESSOR 

The  compressor,  subject  to  development  within  the  current  technology  demonstration, 
has  been  selected  and  designed  by  TURBOMECa  to  best  match  the  requirements  laid  down  for 
the  baseline  engine.  Its  performance  is  considered  substantiated  today.  High  design 
efficiency  with  high  aerodynamic  overspeed  capability,  low  inertia  rotor  and  extended 
surgemargin  have,  together  with  proper  consideration  of  the  target  "into  service"  date, 
set  the  level  to  which  the  number  of  stages  ware  reduced. 

MTU's  own  activities,  outside  of  the  technology  program  mentioned  before  and  spon¬ 
sored  by  BMFT* ,  will  serve  to  discuss  the  development  task  at  hand.  They  are  oriented  at 
providing  fundamental  knowledge  on  axial,  as  well  as  radial  compressors  (Ref.  8,  9). 
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Though  still  research  oriented  in  nature,  an  axial/radial  compressor  (Ref.  10}  is, 
after  having  proven  its  potential  in  the  rig,  eventually  sc  ieduled  to  be  demonstrator 
tested  together  with  the  turbine  dicussed  before.  Fig.  12  snows  a  preview  -  the  rotor  at 
check  assembly. 

The  further  reduction  of  stages,  i.e.  augmenting  stage  pressure  ratio  without  sacri¬ 
fice  in  performance,  requires  techniques  to  be  applied,  which,  though  at  MTU  proven  for 
larger  masafiow  compressors,  have  to  be  consldeied  new  technology  for  this  size  machine 
(Fig.  13) 

-  airfoils  for  high  supersonic  flow  at  the  inlet 

-  supercritical,  low  loss,  profiles  to  react  to  high  subsonic  flow  in  the  middle  cascades 

-  boundary  layer  control  for  the  extremely  loaded  last  vane 

-  casing  treatment  in  the  blade  tip  area  in  addition  to  variable  geometry  vanes  for  im¬ 
proved  surgemargin. 

To  advance  technology  and  establish  design  methodology,  detail  analysis  of  indivi¬ 
dual  stage  performance  is  required.  Fig.  14  for  example  presents  the  results  obtained 
frcm  testing  the  radial  stage.  Efficiency  has  been  practically  achieved,  particularly  at 
part  load  operation.  Mass  flew  is  to  target. 


$ .  FUTURE  PROGRESS 

While  accumulating  experience  within  the  ongoing  development  program,  the  progress 
made  and  the  development  content  have  to  be  continuously  monitored  against  the  scenario 
of  customer  needs.  Timely  reaction  is  required,  especially  if  priorities  start  drifting 
apart . 

With  the  same  emphasis  on  reduced  operating  cost,  for  a  civil  engine's  Direct  Opera¬ 
ting  Cost,  lowest  possible  fuel  consumption  still  outweighs  complexity,  but  for  military 
application,  where  Life  Cycle  Cost  :.s  concerned,  reduced  complexity  and  part  cost  may 
well  become  of  prime  significance. 

A  base  line  engine  design  pe,.  rig.  15,  reflects  these  considerations.  It  features  a 
two  stage  axial/radial  compressor  driven  by  a  single  stage,  highly  transonic,  gasgenera- 
tor-turbine.  Initial  anc;  maintainance  cost  are  greatly  reduced.  Because  of  extreme  aero¬ 
dynamic  loading  an  efficiency  penalty  has  to  be  accepted.  This  is  however  in  part  compen¬ 
sated  -  a  simplified  airsystem  results  in  less  leakage  air  and  lower  rotor  relative  tem¬ 
peratures  permit  reduced  cooling  airflow  for  the  gasgenerator-turbine  or  an  increase  of 
stator  outlet  temperature.  The  latter  effect  having  to  be  compromised  for  required  life 
and  improved  cycle  performance. 

Component  development  has  been  initiated.  Justifiably  so,  since,  on  the  basis  of  the 
technological  advances  available  today,  it  has  been  established  that  long  range  develop¬ 
ment  potential  will  render  superior  system  performance. 


7.  CONCLUSIONS 

In  conclusion  then,  this  brief  survey  of  development  activities  regarding  medium  po¬ 
wer  helicopter  engines,  was  to  show,  that  the  effort  concentrates  on  improving  operating 
cost  and  reliability.  Towards  this  end,  advanced  components  are  available  today,  and  fur¬ 
ther  progress  is  on  route. 

The  coordination  of  three  development  aspects: 

-  improvement  of  analytical  tools,  such  as  design  methodology  and  test  analysis, 

-  optimisation  and  proof  of  performance  potential  in  the  rig,  and 

-  substantiation  of  performance  under  engine  conditions  in  a  demonstrator, 
are  the  key  to  success  for  the  engineer. 
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DISCUSSION 


K.Hart,  UK 

Could  you  comment  more  on  your  experience  with  thermal  barrier  coatings? 

Author’s  Reply 

We  have  applied  thermal  barrier  coatings  (zirconium  oxide)  to  combustion  chambers,  blades,  vanes,  and  platforms 
and  have  had  good  success,  except  for  areas  and  vanes  and  blades  directly  exposed  to  the  main  gas  stream. 


P.Brammer,  UK 

Could  you  comment  more  on  the  subject  of  casing  treatment? 

Author’s  Reply 

We  have  applied  treatment  to  several  compressors.  The  primary  payoff  is  in  the  area  of  improved  surge  margin. 
However,  we  have  yet  to  apply  this  concept  to  an  engine  that  would  go  into  production. 


K. Rosen.  US 

Could  you  comment  on  why  you  selected  an  axial-centrifugal  compressor  combination? 
Author’s  Reply 

This  combination  gives  yields  of  lower  inertia  resulting  in  improved  acceleration  characteristics. 


K. Rosen,  US 

Could  you  comment  on  the  anticipated  output  speed  of  the  power  turbine? 
Author’s  Reply 

It  would  be  in  the  range  from  28,000  to  30,000  rpm. 


INFLUENCE  DES  NOUVELLES  TECHNOLOGIES  DES  TURBINES 
SUR  LEURS  COMPOSANTS 
par 

M.  GIRAUD  H.  LOUSTALET 
TURBOMECA 

Bordes  64320  Bizanos 
France 


RESUME 

La  communication  prCsentfe  met  en  Evidence  1 ' inter-d€pendance  de  la  technologie  des 
turbo-moteurs  avec  celle  de  leurs  composants. 

AprCs  un  bref  rappel  des  objectifs  de  ddveloppement  des  futurs  moteurs  d'heiicop- 
tSres  de  moyenne  puissance,  on  examine  les  moyens  de  les  rdaliser. 

Fartant  d'une  conception  classique  de  moteur,  on  montre  qu'une  nouvelle  architec¬ 
ture  est  nfcessaire  et  qu'elle  a  un  fort  impact  sur  la  technologie  et  les  performances 
des  composants. 

A  leur  tour,  ceux-ci  imposent  au  constructeur  de  nouvelles  technologies  de  rfialisa- 

tion. 

INTRODUCTION 

La  communication  que  nous  rdsentons  a  pour  objet  de  montrer  1 ' interdependence ,  au 
niveau  des  composants,  des  probidmes  d * afro-thermodynamique  et  des  problAmes  de  construe 
tion.  Cette  interddpendance  de  sujets  aussi  divers  ndeessite  d'etre  traitfe  par  des  £qui 
pes  de  travail  pluridisciplinaires  et  ceci  dds  le  stade  de  la  conception  d’un  nouveau 
moteur. 

Dans  le  domaine  qui  nous  int^resse  -les  turbomoteurs  d 'hflicoptSres-  nous  verrons 
que  l'effet  de  taille  est  trds  important  et  vient  accroitre  encore  cette  interdependence 
de  techniques  tr6s  diverses.  C'est  pourquoi  nous  limiterons  notre  etude  3  celle  de  turbo 
moteurs  de  taille  moyenne,  400  3  1  500  kN,  couvrant  l'essentiel  des  productions  de  la 
SociSte  TURBOMECA. 

Dans  le  cadre  qui  nous  est  imparti  nous  nous  somiues  limitds  3  un  seul  type  de  mo¬ 
teur  :  le  turbomoteur  3  turbine  libre  afin  de  pouvoir  montrer  avec  plus  de  details  les 
probldmes  qui  se  posent  au  motoriste.  Ceci  ne  peut  restreindre  la  generality  de  nos  con¬ 
clusions  puisqu'il  s'agrt  plutSt  de  decrire  une  methodologie  de  travail  que  d’aboutir  3 
la  conception  de  tello  ou  telle  machine  par ticul i£re . 

De  meme,  les  rSsultats  de  cette  etude  ne  peuvent  6tre  considf  r£s  comme  definitifs 
car  les  nombreux  compromis  entre  des  exigences  contradictoires  peuvent  conduire  3  des 
choix  diffSrents  selon  l'importance  plus  ou  moins  grande  que  l'on  voudra  bien  donner  3 
tel  ou  tel  paramdtre,  3  telle  ou  telle  caracteristique. 


OBJECT  I  I  S  DE  DEVELOPDEMENT 

Pendant  toute  la  phase  de  definition  d'un  moteur  nouveau,  les  grand?  objectifs  3 
r6aliccr  cr.  priority  uoivent  en  permanence  §tre  presents  dans  1 'esprit  des  concepteuis. 

Ces  objectifs  de  developpemcnt,  connus  de  tous  les  motoristes,  peuvent  etre  classes 
en  deux  categories. 

La  premiere  categoric  concerns  tout  ce  qui  a  trait  3  la  diminution  des  coQts  d'ex- 
ploitation  de  1 ' hClicoptere  qui  utilisera  le  futur  moteur.  L'industrie  des  turbines  est 
en  effet  maintenant  en  pleine  phase  industrielle  ot  l'5re  des  pionniers,  oil  il  fallait 
3  tout  prix  satisfaire  le  besoin  technique,  est  depassec.  La  grande  majority  des  cons- 
tructeurs  sait  satisfaire  ce  besoin  ;  le  probldme  est  aujourd'hui  de  le  satisfaire  au 
meilleur  codt  pour  un  volume  donne  de  production  de  sdrie.  Pour  ce  faire,  les  objectifs 
suivants  sont  determinants  : 

-  diminution  du  prix  de  revient  moteur 

-  diminution  des  consommations  de  carburant 

-  diminution  des  coQts  de  maintenance 

-  augmentation  de  la  fiabilitC. 

La  deuxifime  entegorie  d 'objectifs  de  d6veloppement  des  moteurs  concerne  ce  qui  a 
trait  3  1 ' amelioration  des  performances  de  1 ' h61i coptdre,  soit  : 

-  la  diminution  de  la  masse  motrice 

-  la  diminution  de  1 ' encombrement  du  moteur. 

Ces  deux  paramfitres  influent  directement  sur  la  structure  et  le  dessin  de  la  cellul 
et  contributent  ainsi  3  l'obtention  d'un  meilleur  produit  d’ensemble. 
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COMMENT  KLALlShR  CIS  OBJhCTIFS  ? 


Nous  conimencerons  par  les  examiner  un  5  un. 

Lc  prix  de  rcvient  du  moteur  est  de  Louie  Evidence  un  paramCtre  trfs  imporiani.  Nous 
laisserons  de  c6t£  le  facteur  de  dfcroissancc  du  prix  cn  fonction  du  rang  de  s6rie  (loi  de 
Wright)  parce  que,  de  par  sa  gfnfralitf,  il  n’est  pas  influence  par  la  conception  du  mo¬ 
teur  et  la  quality  de  ses  composants.  Ce  paramCtre  pout  6tre  facilcment  6Iimin6  en  rai- 
sonnant  pour  un  rang  dc  moteur  fixf  dans  la  s6rie  :  lOOe,  1  OOOe,  etc. . .  D6s  lors,  la  di¬ 
minution  du  coOt  du  moteur  passe  par  celle  du  nombre  de  ses  pieces  constitutives.  Cc  nombre 
de  pieces  est  3  son  tour  fonction  de  la  conception  et  du  nombre  des  composants,  ces  deux 
Clements  s ' inf luengant  mutuel lement .  Par  conception,  nous  entendons  1 'architecture  gfnf- 
rale  du  moteur, terme  que  nous  conserverons  dans  la  suite  de  notre  expose.  C'est  l’archi- 
tecture  du  moteur  qui  dCfinit  le  nombre  et  la  disposition  des  arbres,  des  roulements,  des 
paliers  et  des  composants.  Pour  les  composants  -  (Stages  de  compression  et  de  dCtente)  - 
plus  leur  nombre  sera  faible,  plus  sera  faible  le  nombre  des  aubages  fixes  et  mobiles  et 
plus  sera  faible  le  prix  de  revient  moteur.  En  definitive, nous  retiendrons  come  fondamen- 
tal  pour  le  codt  du  moteur  son  architecture  et  le  nombre  des  composants. 

Autre  objectif  3  atteindre  :  une  faible  consummation  spgcifique  de  carburant.  Ici, 
c'est  le  cycle  thermodynamique  du  moteur  qui  est  impliquC,  c'est  3  dire  essentiellement 
trois  facteurs  : 


-  le  taux  dc  compression 

-  la  temperature  entree  turbine 

-  les  rendements  des  composants. 

L'historique  des  turbomachines  a  bien  montr£,  3  ce  point  de  vue,  une  evolution  plus 
ou  moins  continue  de  ces  trois  paramStres  mais  qui  a  conduit  au  moins  pour  les  deux  pre¬ 
miers  3  une  augmentation  de  la  complexitC  des  machines  :  nombre  des  composants  et  archi¬ 
tecture,  done  en  conflit  direct  avec  1 'objectif  "prix  de  revient".  II  existe  cependant  une 
voie  pour  rCsoudre  ce  problSme,  c'est  1 ' utilisation  des  grandes  vitesses  pCriphCriques.  II 
sera  done  possible  d'augmenter,  dans  les  Stages  ClCmentaires ,  taux  de  compression  et  de 
dCtente  et  ainsi  d'amSliorer  le  cycle  thermodynamique  sans  compliquer  1 ' architecture  du 
moteur.  Cette  voie  est  celle  suivie  par  TURBOMECA.  Ce  n'est  pas  la  plus  facile  mais  il  est 
certain  qu'elle  est  trCs  prometteuse.  Elle  n'est  possible  que  si  l'on  maitrise  bien  1'aS- 
rodynamique  des  Scoulements  transsoniques  et  supersoniques  sinon  les  rendements  des  com¬ 
posants  vont  se  dCgrader  et  annuler  le  bSnSficc  que  l’on  escompte. 

L'objectif  d ' abaissement  des  collts  de  maintenance  est  obtenu  par  la  conception  modu- 
laire  des  moteurs,  conception  pratiquSe  actuellement  par  la  plupart  des  constructeurs.  L3 
encore,  c'est  1 ' architecture  du  moteur  qut  permettra  de  realise,.  ueLte  exigence, 

L'objectif  de  liability  sera  atteint  par  une  construction  "robuste"  des  diff^rents 
Elements  du  moteur.  Les  etudes  et  les  efforts  doivent  porter  sur  les  durees  de  vie,  les 
vies  cycliques,  la  protection  contre  1 'absorption  des  corps  6trangers,  les  retentions  des 
pieces  tournantes,  les  effets  des  pollutions  diverses  (eau,  glace,  sable,  etc...)  et  l'en- 
vironnement  moteur  (distorsions  de  flux,  reingestions  de  gaz  brtlies,  etc...). 

L'objectif  de  diminution  de  la  masse  motrice  peut,  sur  certains  points,  £tre  contra- 
dictoire  avec  l'objectif  precedent.  Pour  sa  realisation,  il  pourrait  necessiter  en  effet 
une  construction  lCgdre  et  tr6s  eiabor§e  au  niveau  des  piSces  eiementaires  qui  va  s'oppo- 
ser  3  1 'aspect  "robustesse"  indique  ci-dessus.  Il  y  a  done,  13  encore,  un  difficile  compro- 
mis  a  obtenir.  Par  contre,  le  meilleur  moyen  de  rC^’iser  une  masse  spCcifique  faible  re¬ 
side  bien  dans  une  conception  simple  du  moteur,  c'est  3  dire  que  l'on  retrouve  encore  le 
parametre  "architecture". 

Le  dernier  objectif  3  atteindre,  minimiser  1 ’encombrement,  sera  lui-aussi  grandement 
fonction  de  1 ' archi tecture ,  mais  egalcment  du  .-.ombre  des  composants,  leur  diminution  etant 
evidemment  un  facteur  3  rechercher. 

Nous  pouvons  maintenant  faire  la  synthSse  des  diffCrents  moyens  retenus  pour  rCaliser 
les  objectifs  que  nous  avons  precCdemment  definis.  Trois  facteurs  essentiels  subsistent  et 
de  la  maniCre  dont  ils  pourront  etre  traitfs  d6pendra  pour  beaucoup  la  rCussite  du  moteur 
ainsi  congu.  Pour  nous,  le  "triple  gagnant"  est  bien  le  suivant  : 

Architecture  —  cycle—  nombre  de  composants.  L'approche  traditionnelle  pour  traiter  ce 
triplet  comportait  une  certaine  hiCrarchie,  ou  pour  le  moins,  une  certaine  chronologic  : 

1.  Determination  du  cycle. 

2.  Nombre  des  composants. 

3.  Architecture  moteur. 

L'approche  actuellc  est  fondamentalement  diffCrente  et  consiste  3  traiter  simultang- 
ment  les  trois  elements  du  triplet  :  toute  option  sur  l'un  de  ces  Clements  devra  Stre  im- 
m6diatement  examinee  au  niveau  de  ses  implications  sur  les  deux  autres,  ce  qui  impose  au 
motoriste  une  communication  et  un  va-et-vient  permanent  de  1 ' inf ormation  au  sein  des  dif- 
fCrentes  Cquipes  de  travail. 


description  dps  turbomothurs  pl  conception  ci.assiqiii. 


Dans  la  gamme  des  puissances  moyennes,  les  derniers  tui bomoteurs  TURDOMKCA  de  "con¬ 
ception  classiquc"  qui  ont  CtO  lancfs  on  sfi'ie,  1'ARRIEL  (figure  1)  ct  le  MAK1LA  (figure 
2)  sont  caractCrisGs  par  : 


T./f 


*  VI 


Figure  1 

(Jn  gGnGrateur  de  qaz  <  iposG  ; 


Figure  2 


-  d'un  compresseur  comprenant  un  Gtage  centrifuge  couplG  selon  le  cas  3  1  ou  2  ou  meme 

3  Gtage:  axiaux,  1 'ensemble  rGalisant  un  taux  de  compression  IT  =  8  3  10. 

-  d'une  turbine,  3  deux  Stages  dont  la  tempGrat.ure  d'entrGe  (TET)  limitGeA  1  000°, 

1 050°C  Gvite  d'utiliser  un  systSme  de  refroidissement  (toujours  couteux  et  dGlicat 

dans  les  petites  turbomachines) .  La  turbine  et  le  compresseur  constituent  un  simple 
corps  utilisant  deux  arbres  (figure  3)  ou  un  arbre  sur  trois  paliers  (figure  4) 
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-  d '  une  chambre  de  combustion  placfc  cntro  compresseur  ct  turbine.  Elle  «_-t  S  injection 
centrifuge  dc  ca-burant  au  moycn  d'une  roue  alinientEe  1  a  t  Er  a]  ement ,  (dispisitii  plus 
simple  s'xi  cst  comparE  3  1  1  a  1  imen La L ion  par  tube  central  rEalisEe  sur  leu  moteurs  de 
la  generation  piEoEdente  :  TUHMO  -  AKTAZOU)  . 

•  bnu  turbine  do  puissance  3  un  on  deux  Stages  dont  la  puissance  cst  fournie  3  la  boite  de 
transmission  principale  dc  1  'hflicoptcrc  soit  cn  prise  direetc  (figure  3),  suit  par  l'i.n- 
termfdiaire  d'un  rEducteur  (iigure  4).  Les  diffErents  types  de  prise  de  mouven.cnt  peu- 
uent  imposer  la  realisation  d'un  arbre  do  puissance  parallEle  au  corps  du  gfnfrateur 
(  f  igure  4  )  . 

Cca  choix  conduisent  3  une  architecture  motcur  dans  laquelle  le  nombre  dc  paliers  va- 
ric  de  5  3  7  ct  le  nombre  d'cnccintcs  de  paliers  de  3  3  4,  imposant  ainsi  autsnt  dc  dis- 
posirifs  de  servitude  (alimentation  et  rEcvpEra'  a  d’huiie,  mises  3  l'air,  EtanchEitE) . 

CONCEPTS  H'  AML  1.I'1  RAT  ION  DCS  TURBOMOTCHRS 

La  nouvelie  architecture  qui  s’impose  conduit  3  repenser  successivement  les  ensemldes 
tournants,  la  chambre  de  combustion,  le  compresseur,  la  turbine. 

Ensembles  tournants  :  L'objcctif  de  simplification  conduit  3  rEaliser  un  gfndrateur  de  gaz 
comprcnant  un  scul  arbre  support^  par  deux  paliers.  La  turbine  de  puissance  aura  une  dis¬ 
position  somblable.  Cependant,  a!  in  de  concilier  encombrcmcnt  et  pc  ids  :,iinimums  avec  une 
prise  de  puissance  3  l'avant  ou  3  1 'arriPre,  l'arbre  de  puissance  sera  csncentr ique  3  ce- 
lui  du  yCnErateur.  Cette  disposition  rEduit  le  nombre  d'enceintes  de  paliers  et  permet 
aisEment  le  dE vc ‘ oppement  on  tarbopropulseur  et  turbofan  ce  qui  pourra  rEduire  le  prix  de 
revient  du  gEnEtateur  de  gez> 

Chambre  de  combustion  :  L'archite  rture  dEfinie  prEcEdenunenl  implique  de  raccourcir  au  ma¬ 
ximum  les  distances  entre  paliers  3  la  fois  pour  le  gEnErateur  et  l'arbre  de  puissance 
afin  de  minim’sor  les  probldmes  de  vitesses  critiques  et  de  vibrations.  Pour  cela,  la 
chambre  de  combustion  TURBOMECA  classique,  3  injection  centrifuge,  est  abandonnEe  au  pro- 
lit  d'une  chambre  3  flux  inversE  (figures  10  et  11).  Le  volume  de  chambre  (fonction  du 
d7bit  d'air  et  du  taux  de  compression)  sc  trouve  transfErE  au-dessus  de  la  turbine  HP  et 
’a  distance  entre  compresseur  et  turbine  est  rEduite  3  la  simple  implantation  du  coude 
d'amenEe  des  gaz  3  l'entrfic  du  distributeur  ler  C-tage.  II  n'y  a  pratiquemant  pas  d'aug- 
mentation  de  mal tre-couple  du  motcur  car  ce  type  de  chambre  s’intEgre  parfaitement  der- 
riSre  un  Stage  de  compression  centrifuge.  Ce  choix  est  expliquE  ci-aprEs. 

Ccmpressiur  :  Chercher  3  dimir.uar  le  nombre  dc  composants  oemuuit  a  adopter  un  seui  Etage 
centrifuge  3  vitesse  pSriphErique  ElevEe  ct  bon  rendemont .  Ce  dernier  peut  faire  lc  mEme 
travail  de  compression  que  4  3  6  Stajes  ax.iaux  transsoniques .  Ce  type  de  compresseur  a  des 
aubages  moins  fragiles  qu'une  roue  ax.ale  et  de  ce  fait  prEsente  un  avantage  du  point  de 
vue  fiabilitE.  Ce  chcix  s'impose  done,  3  condition  d’obtenir  un  Etage  centrifuge  3 
hautes  performances  :  vitesse  ElevEe  et  bons  rendements.  Or,  avec  les  progrSs  cffectuEs 
en  ce  domaine  depuis  q.’elques  annEes  on  sait  maintenant  concevoir  et  rEaliser  de  tels 
centrifuges  avec  des  rendements  poly tropiques  au  moins  Egaux  3  ceux  des  Etages  axiaux 
qu'ils  remplacent. 

Turbine  haute  pression  :  Le  but  3  rechercher  est  le  mine  que  pour  le  compresseur.  Compte- 
tenu  du  coQt  de  cet  organe  et  de  difticultE  de  misc  au  point,  on  sherchera  3  rEaliser 
la  dEtente  en  un  seui  Etage  et  on  reculera  le  plus  possible  1  '  introduction  du  rifroidisst- 
ment  des  pales  mobiles. 

Par  la  considEration  du  couple  :  architecture- composants ,  on  abeutit  ainsi  au  gSnE- 
rateur  de  gaz  le  plus  simple  et  le  plus  compact  qui  soit  (figure  5),  comprenant  : 

.  une  chambre  de  combustion  3  flux  inversE 
.  un  compresseur  centrifuge  3  hautes  performances 
.  une  turbine  HP  inonoEtage  non  refroidie 
.  un  arbre  supports  par  deux  paliers  sculement. 


Figure  5 
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Cyclo  thermodynamique  :  L'Ctagc  centrifuge  est-il  suffisant  pour  la  compression  7 
L'examen  du  cyle  thermodynamique ,  troisiSme  terme  du  triplet  mis  on  relief  prf cfdemment, 
va  nous  donner  la  rCponse. 

Tn  effet,  avoc  un  Stage  centrifuge  dont  le  taux  de  compression  au  rfgime  nominal 
serai t  do  7  3  9,  associt  3  unc  turbine  HP  fonctionnant  dans  la  gamme  des  temperatures 
950/1  050 °C ,  les  calculs  de  cyclo  montrent  que  les  corsommatiuns  de  ccrburant  seraient 
situdes  dans  la  fourcliette  de  330  3  350  g/kw.h.  Avec  les  augmentations  successives  des 
prix  pC-troliers,  cos  valours  qui  auraicnt  £t6  acceptables  il  y  a  encore  quelques  anndes 
ne  lo  sont  plus  aujourd’hui,  pour  un  moteur  nouveau.  Nous  sommes  done  obliges  de  compli- 
q»cr  le  compresseur  pour  aboutir  3  un  moteur  de  meilleure  qualitt. 

La  vraie  question  est  done  de  savoir  jusqu’3  quel  point  il  est  nfeessaire  de  compli- 
quer  ce  moteur.  La  rdponse  n'est  pas  simple,  mais  surtout  elle  n'est  pas  unique.  La  seule 
consideration  des  courbcs  classiques  des  puissances  et  consommations  spGcifiques  (figure 
6)  en  fonction  des  paramdtres  majeurs  :  taux  de  compression  et  T.E.T.  (temperatures  entrfie 
turbines)  est  tout  3  fait  insuf f isante.  Leur  seul  intgrdt  est  de  montrer  que  la  T.E.T.  doit 
suivre  1 ' augmen ta t ion  du  taux  de  compression  ;  mais  il  serait  dangereux  d'utiliser  les 
valeurs  qui  semblent  optimales. 

INFLUENCE  0£S  TAUX  DE  COflPRESSlON  ET  T.E.T. 


Figure  6 

En  elfet,  notre  probldme  est  bien  de  construire  un  moteur  de  puissance  nominal®  don- 
n';e.  Or,  plus  le  cycle  est  poussf,  plus  les  debits  d'air,  done  les  dimensions  du  moteur 
sont  rdduites  :  d'oil  les  pertes  accrues  par  Ccoutencntr  secondaires  venant  amplifier  celles 
dues  aax  faibles  valours  des  nc.nbres  de  Reynolds.  Ceci  entrain®  dus  degradations  des  ren- 
dements  des  composants  vor.ant  3  i'encontrc  des  bdnOfices  escomptfs  par  les  ameliorations 
des  cycles  thermodynamiques .  Cet  effet  est  de  premiere  importance  pour  les  machines  de 
fables  et  moyennes  puissances  dont  nous  parlons  et  o'est  co  qui  les  dif£6rcncie  fondamen— 
talemcnt  des  grosses  turbomachincs  de  l’aviation  civile  ou  militaire-  Pour  illuster  ces 
effets,  nous  prendrons  1 'exemple  concret  d'un  moteur  de  600  kK  au  rCgime  nominal  et  nous 
comparerons  les  rtcultats  de  trois  nroj«ts  complete  cffecLufs  avee  des  cycles  et  des  ar¬ 
chitectures  de  complexity  croissantes. 
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La  figure  n"  7  donne  la  description  des  cycles  et  composants  de  ccs  moteurs.  Lc  me 
teur  n"  2  diffdre  du  premier  prircipalement  par  son  compresseur  et  sa  T.E.T.  un  peu  plus 
Glevde.  Par  contie,  le  moteur  nc  3  est  nettement  plus  compliquf  surtout  dans  la  partie 
detente  :  4  Stages  de  turbine  dont  2  ont  des  pales  refroidies. 

La  figure  suivante  (figure  8)  met  en  relief  les  effets  des  cycles  CtudiCs,  sur  les 
dimensions  des  composants  les  plus  critiques  ainsi  que  les  rendements  qui  en  dfcoulent. 

Les  performances  globales  sont  aussi  indiqudes. 

Le  rfsultat  le  plus  important  est  que  la  complication  du  moteur  n°  3  n'est  pas  jus¬ 
tifiable  au  vu  des  rdsultats  :  gains  de  l'ordre  de  1  %  seulement  sur  consommations  et 
puissances  spOcifiques  pour  un  accroissement  sensible  du  nombre  des  composants  majeurs 
sans  parler  du  ref roidissement  des  pales  de  turbine  du  gdnfrateur.  Au  contraire,  l'ad- 
jonction  de  deux  Stages  axiaux  au  compresseur  centrifuge  permet  un  gain  de  l'ordre  de  10  % 
sur  les  performances  du  moteur  n°  1,  cettc  configuration  est  done  payante.  Bien  stir,  le 
choix  de  la  puissance  nominalo  du  moteur  est  fondamental.  Si  au  lieu  de  600  kW  nous  avions 
choisi  1  400/1  500  kW  il  est  fort  probable  que  le  moteur  n"  3  serait  proche  de  la  solution 
optimale . 
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Figure  8 

De  cette  br&ve  £tude,  nous  conclurons  que  pour  un  niveau  donnf  de  la  technologie 
des  composants  ! 

.  1 'optimum  du  taux  de  compression  est  fortement  dependant  de  la  puissance  nominale  du 
moteur 

.  cet  optimum  se  rfpercute  directement  et  de  fagon  importante  sur  le  nombre  des  composants 
et  1 ' architecture  du  moteur. 

Co.npte-tenu  des  remarques  relatives  aux  ensembles  tournants,  1‘adjonction  d'uoe  tur¬ 
bine  litre  sur  ce  gSrifirateui  ue  gat  conduit  2  urie  conception  ue  moteur  que  i:on  peut  com¬ 
parer  aux  generations  actuelles  (figure  9). 


Figure  9 
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TECHNOLOGIC  DES  COMPOSANTS 

Pour  chaque  composant,  il  est  nCcessaire  d'examiner  les  raisons  du  choix  effectu6 
pour  rSaliser  le  compromis  architecture-cycle  et  surtout  d 'analyser  les  repercussions  sur 
leur  technologic  propre  et  sur  les  probl3mes  soulevfs  par  leur  assemblage  et  leur  inter- 
dfipendance  au  sein  du  moteur. 

Chambre  de  combustion  5  flux  inverse  : 

Les  raisons  d ' archi tecture  moteur  ont  determine  ce  choix,  et  les  probldmes  essentiels 
suivants  seront  3  rSsoudre. 

Sous  l'aspect  performances  : 

-  La  recherche  de  bons  rendement,  y  compris  3  bas  regime,  se  fera  par  une  etude  de  l'afiro- 
dynamique  de  la  zone  primaire  de  combustion,  la  perte  do  charge  demeurant  cependant  plus 
eievSe  que  dans  une  chambre  3  injection  centrifuge. 

-  La  pollution  m@me  avec  1 'utilisation  de  Cannes  3  prSvapor isation  restera  aussi  l£g5rement 
supdrieure  aux  rSsultats  d'une  chambre  conventionnelle  TURBOMECA. 

Sur  le  plan  mfcanique  : 

-  II  est  nfcessaire  d'obtenir  une  homogendite  circonffrentiel le  et  un  profil  radial  de 
temperatures  acceptables.  Notons  que  ce  dernier  prdsentera  un  profil  "bombt"  plus  ac- 
centue  3  cause  de  1 'augmentation  du  debit  d'air  de  ref roidissement  des  parois.  La  chambre 
3  flux  inverse  prCsente  en  effet,  3  meme  charge  adrodynamique  et  done  3  volume  iden- 
tique,  plus  de  surface  3  refroidir  que  le  module  classique  TURBOMECA. 

-  Cependant,  cette  realisation  si  elle  nCcessite  des  systSmes  d' injection  3  pression  plus- 
Slevde  que  ceux  requis  pour  l'injection  centrifuge  permet  de  s'affranchir  des  problSmes 
de  tenue  mfcanique  qui  peuvent  etre  rencontres  sur  les  roues  d' injection. 


Figure  10 


Figure  11 


Turbine  haute  pression  : 

Ur.c  solution  monoetage  a  la  limite  du  ret ‘oid issement  a  retenue  pour  satisfaire 

le  compromis  coOt-performance.  Ce  choix  est  possib  e  3  condition  d'augmenter  la  charge 
adrodynamique  ce  qui  aura  pour  consequence  de  dn...nuer  la  temperature  totale  relative  3 
l'entrde  de  la  roue  mebile.  Une  detente  au  moyen  ue  2  Stages  ne  rSalisera  pas  cette  con¬ 
dition  et  pour  une  mSme  T.E.T.  le  ler  Stage  sera  ;-.3cessairement  refreidi. 

Ce  choix  permet  done  o'gviter  le  ref  roidissemer.  _  et  les  probldmes  qui  Xui  sont  asso- 
ci6s  dans  le  cas  de  petltes  turbomachines  : 

-  pert.es  adrodynamiques  (reinjection  d'air)  et  thermodynam' ques  (prflbvement  d’air  de  re- 
f roidissement) 

-  difficult?  de  realisation  des  circuits  de  ref roidissement  dans  des  pales  de  faible  di¬ 
mension,  d'oO  une  augmentation  des  coQts. 

XI  est  done  judicieux  de  n'avoir  3  traiter  oet  problem*’-  que  sui  un  seul  dtage  lors 
d'un  ddveloppement  qui  viserait  3  augmenter  la  puissance  sf  'ique  de  ce  moteur.  Cela  ne 
sera  possible  que  si  le  niveau  de  temperature  choisi  corapen^...  largement  les  chutes  de 
rendement  assoc  i€es  3  1  ’  introduction  du  ref  roidissement. 

Dans  le  choix  de  base  effectuf,  "monoetage  non  refroidi",  les  probldmes  suivants  doi- 
vent  dtre  maitris6s  : 

Afirodynamique  : 

-  Assurer  des  deviations  fluides  importantes  tout  en  minimisant  les  Mach  d 1 dcoulements 
locaux  afin  d'Sviter  tout  decollement  premature  de  la  couche  limite. 


-  RSduire  les  pertes  par  jeu  en  sommet  do  pale  ;  la  faible  hauteur  de  ccs  derr.i^res  er,  ac- 
centue  1 'importance  (3  une  augmentation  de  1  %  du  jeu  rclatif  correspond  une  chute  de 
rendement  de  l'ordre  dc  1,5  point).  Le  ref roidissement  des  enveioppes  de  turbine  cst 
done  indispensable  et  des  barriSres  thermiques  peuvent  lui  Stre  as  ociges  afin  de  con- 
trOler  un  jeu  minimum  dans  toutos  les  conditions  de  fonctionnement . 

-  Une  fiventuelle  girar.ion  rtsiduelle  de  I'fcoulement  cn  sortie  de  turbine  et  son  ampli¬ 
fication  possible  dans  le  canal  inter-turbines  duit  gtre  acceptfie  au  niveau  des  bras 
supports  du  palier  arri£re. 

Notons  quo  l'adoption  d ' un  sys tdroe  d  '  a rbres  contrarotatif  s  permet  d'utiliser  cette 
giration  pour  diminuer  la  charge  afrodynamiquo  du  distributeur  de  turbine  litre. 

Mifcanique  : 

L ' augmentation  des  vitesses  p6riph6riqu«s  et  la  necessity  de  conserver  un  iron  central 
ont  pour  cons  fquer.ee?  d'augmenter  les  contraintes,  dans  le  disque  de  turbine,  en  pied  de  pa¬ 
les,  et  les  pressionu  spficifiques  sur  les  brochages.  Des  compromis  entre  hauteur  d’aube, 
longueur  de  corde,  nombre  d'aubes  permettent  d'aboutir  3  un  dimensionnement  convenable. 

Les  realisations  de  turbines  "moriobloc"  coulees,  sur  des  moteurs  type  AfiRIEL  sont 
remplacfies  par  des  constructions  disques  forgds,  pales  coulfes  en  choisissant  un  matCriau 
propre  3  chaque  fonction  : 

-  disques  :  tenuc  3  la  fatigue  o 1 i gocyel ique  au  moyeu  et  fatigue  thermique  3  )a  jante 

-  pales  :  fluage  et  corrosion  hautes  temperatures. 


Figure  12 
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Nous  avons  montrf  qu'un  scul  Stage  centrifuge  6tait  en  gdnOral  insuffisant  pour  as¬ 
surer  1 'ensemble  de  la  compression.  Pour  completer  cette  derniere,  deux  configurations 
sont  possibles,  soit  adjoindre  des  Stages  axiaux,  soil  utiliser  un  autre  Stage  centrifuge. 

Cette  deuxiCme  solution  conduit  a  un  dessin  compliquf  et  ne  pout  se  justifier  que 
pour  un  taux  de  pression  global  £lc"6  (15  3  10).  Dans  ces  conditions,  il  faudra  2  Stages 
de  turbine  pour  dCtendre  les  gaz  et  des  T.E.T.  OlevCes  nOcessitant  le  ref roidissement 
de  la  partie  haute  tempfrature,  des  turbines.  Or.  voit  done  que  ce  choix  ne  peut  ctre  re- 
tenu  que  pour  das  moteurs  de  puissance  relativement  flevfc,  en  gfnfral  au-del3  de  1  500  kW. 

L'autre  solution,  l'adjonction  d'Ctagcs  axiaux,  est.  done  celie  qu'il  nous  faut  adop¬ 
ter  ;  mais  13  encore  cn  cherchant  a  en  minireiscr  le  nombre.  On  est  done  conduit  a  utiliser 
des  Stages  transsoniques  fortement  charges.  Enfin,  pour  des  raisons  Cvidentes  de  compacitC 
de  1 'ensemble  on  s'efforccra  de  coupler  directement  1 'axial  au  centrifuge  sans  col  de  cygne 
intermedia ire. 

La  configuration  de  base,  maintenant  bien  dtfinie,  examinons  pour  chaque  organo  les 
problSmes  fcclinologiques  3  mait.riser. 
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CONI'KI  SSI  UK  CLNTI1  I  l-'UCII 

Sur  lc  plan  adrodynamique,  1  'adoption  des  grandcs  vi  tosses  phdr  iphCriques  ot  des  taiix 
dc  compression  Clcvfs  qui  on  dfcouloment  impliquent  pour  obtenit  de  bons  rendemonts  : 

.  1  '  nl  i  1  i  sat  ion  dc  concepts  .1  dogrd  do  reaction  flevf' 

.  la  connaissanco  precise  dos  caract  Or  i  st  iquos  dc  1  '  fcou lemon t  1  1  u  i  dc-v  i  tosses ,  pressions, 
tonipf'i  at  urcs-  en  tout  point  des  rotors  ct  diffuscurs  ot  ccci  pour  dos  regimes  mixtes  : 
subsoil  iquos  -  superson iques . 

Les  nouvoaux  codes  de  calcul  disponiblcs  ainsi  quo  les  experimentations  intensives 
sur  bancs  sdparCs  ont  abouti  3  une  vfri table  mutation  des  formes  en  ce  domaine.  Los  fi¬ 
gures  13  ct  14  le  montrent  clairement. 


Figure  13  Figure  14 


Sur  le  plan  mOcanique,  les  problemes  ne  sont  pas  moindres  : 

.  Vitesses  pfripbdr iques  augmentdes  par  rapport  3  l'ancienne  gSnPration. 

.  Temperatures  plus  dlev6es  dues  3  la  forte  compression  globale. 

.  Trou  central  important  ndeessaire  au  passage  des  atbres. 

L3  encore  les  mf'thodcs  moderr.cr.  de  calcul  dos  structures  et  1  ' utilisation  dos  meillours 
mat.driaux  disponiblcs  poriuettent  d'aboutir  3  un  dimensionnement  capable  d 'assurer  en  uti¬ 
lisation  une  longdvitfi  ct  une  fiabilitf  sa tisf aisantes . 

COMI'KISSLUK  AXIAL 

Le  couplage  serrd  des  coinpresseurs  axiaux  au  centrifuge  diminue  nSccssairement  la 
vitesse  pfriphtrique  des  dorniors  Stages  axiaux  et  rend  ainsi  plus  difficile  l’obtention 
des  taux  de  compression  tinitaires  flevds.  Par  aillcurs,  le  passage  des  arbres  sous  le 
compresseur  axial  a  l'effet  contraire  d'augmenter  excessivement  les  diamdtres  de  la 
veine  d'air  et  par  voio  dc  consequence  les  nombres  dc  Mach  relatifs  sur  les  mobiles:  d'oO 
dos  difficultfs  accrues  pour  assurer  de  bons  rendemetits . 


Figure  1 


Enfin,  pour  amfliorcr  les  performances  on  rfgime  partiel  er  obtenir  un  maniement  cor¬ 
rect  du  moteur,  ces  compresseurs  3  forts  taux  de  compression  globale  doivent  avoir  unc 
certaine  f lexibili tf .  La  solution  3  3  arbres  concentriques  nous  parait  trop  complexe  done 
trop  chi  re  pour  3tre  retenue,  au  moins  pour  notre  gamme  de  puissances  ;  nous  lui  prfftrerons 
done  l'utilisation  de  grilles  distributrices  3  calage  variable. 

Turbine  de  puissance  : 

Unc  construction  monoftage  peut  Stre  gf  nf  ra  lcinent  adoptte  pour  des  moteurs  de  puis¬ 
sance  inffrieure  3  700  kw,  Mais  cela  n'est  pas  unc  rdgle.  En  fait,  le  choix  du  nombre 
d'ftages  de  turbine  libre  dfpend  3  la  fois,  du  canal  inter  turbines  (forme  -  pertes) ,  de 
la  vitesse  de  rotation,  du  rendement  attendu.  Ces  paramftres  sont  bien  sOr  interdfpendants . 
Enfin,  la  vitesse  de  rotation  est  souvent  un  compromis  rfalisf  entre  les  performances  ct 
les  exigences  de  1 ' installation  sur  hflieoptfre  :  prise  directe  ou  sortie  au  travers  d'un 
rfducteur  intfgrt  au  moteur. 

Arbres  et  rotors  : 


L'arbre  de  puissance  concentrique  au  rotor  du  gfnfrateur  de  gaz  a  des  vitesses  cri¬ 
tiques  disposfes  en  dehors  des  regimes  de  fonctionnemcnt  de  la  turbine  libre.  Pour  ce.la, 
il  faut  connaitre  parfaitement  les  rfgimes  de  survitesses  (dSrives  de  regulation,  etc...) 
rencontres  sur  hflicoptSre  en  utilisation. 

Deux  types  de  solutions  sont  envisageables  : 

-  Unc  solution  " sous-critique”  (Ire  vitesse  critique  d'arbre  >  vitesse  de  f onctionnement) 
nfeessite  un  couple  diamftre-longueur  d'arbre  toujours  difficile  3  rfaliser  pour  un  mo¬ 
teur  de  la  taille  envisagfe.  Ce  choix  peut  conduire  3  la  realisation  d'un  palier  inter- 
arbres  (solution  technique  plus  ontreuse  et  delicate  dans  le  cas  d'arbres  contrarotatifs) . 

-  Une  solution  " surcritique”  (Ire  vitesse  critique  d 'arbre  «£  vitesse  de  fonctionnement)  qui 
impose  un  regime  de  rotation  situf  entre  la  ] re  et  la  2c  vitesse  critique  d'arbre  avec 
des  marges  de  fonctionnement  suffisantes. 

Dans  ce  cas,  afin  de  minimiser  les  dflo'-mations  de  l'arbre  lors  du  f rsnehissement  de  la 
Ire  vitesse  critique,  on  la  placera  sir  un  regime  do  fonctionnement  relativement  bas. 

Cela  est  possible  en  travaillant  sur  la  souplesse  des  paliers,  5 ’ fquil ibrage  ct  la  gfo- 
mftrie  des  arbres. 

Paliers  : 


Avec  des  vitesses  tlevfes  et  la  realisation  de  l'arbre  traversant,  les  roulements  sont 
soumis  3  des  conditions  de  fonctionnement  plus  critiques  ; 

-  N x Dm  -  (vitesse  x  diametre  rnoyen) -  plus  flcvfs  (Figure  16) 

-  ambiances  de  temperatures  plus  sfveres  sur  le  palier  arrifre. 


Ait,si,  sur  les  paliers  du  gfnfrateur  ae  gaz,  1 ' augmentation  de  force  centrifuge  sur 
les  fitments  roulants  est ftssoei fe  3  net.  poussfo  axiale  gfnfralement  tlevto.  II  en  reunite 
un  accroi ssement  de  charge  sur  les  bagues  extfrieures  accompagnf  d ' fchauf foments  sur  les 
bagues  intfrieurcs 

Tour  obtenir  les  durfes  de  vie  don-.andfes  : 

"acier  rapide"  doivent  fitro  adoptfis  pour  les  pistes  et  les  fitments  rou- 


los  matfriaux 
lants 


1 
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-  la  lubrif ication  de  la  bague  intferleure  eat  particuliSrement  6tudi6e 

-  le  coroportement  de  la  cage  est  analyst  afin  de  permettre  des  fonctionnements  lors  des 
reduction?  ou  des  absences  momentanCes  de  lubrif icatic.n. 

Les  garnitures  mdcar.iques  conventionnclles  (joints  type  Sealol)  ne  supportant  pas 
des  vitesses  supSrieures  3  70  m/s,  les  etanchfiites  de  paliers  doivent  6tre  3  labyrinthes. 
L' i  ncombrement  radial  est  plus  faible  et  ils  ne  nGcessit  it  aucune  servitude  (absence  de 
lubrif ication) .  Les  consommations  d'air  sont  minimises  ^ar  la  diminution  des  jeux  reali¬ 
stic  par  la  wise  en  place  de  nouveaux  materiaux  abradables.  Ces  revgtements  dfveloppfs 
pour  des  tempera Lures  pouvant  dSpassor  8C0  "C  sont  eussi  appliquCs  sur  les  OtanchPitfis 
inter  Stages  de  compresoeur  et  de  turbine  afin  d'amdliorer  les  performances  de  l'ensemble. 


CONCLUSIONS 

ftu  eours  de  notre  etude,  il  est  apparu  fondamental,  lors  de  la  conception  de  nou¬ 
veaux  moteurs  d 'bPlicoptPres,  de  traiter  simultanPment  les  probifemes  de  cycles  therroody- 
namiqueg,de  nombre  de  composants  et  d ' architecture  moteur. 

On  l'Psultat  ne  peut  £tre  atteint  que  par  le  dfveloppement  parfois  difficile  de  com- 
posants  3  hautes  performances  s' integrant  parfaitement  dans  1 'architecture  prPalablement 
dffinie.  Cts  compromis  permettront  de  rdaliser  des  solutions  attrayantes  au  point  de  vue 
prjx,  conscmmation,  fiabilitP. 

En  outre,  1 ' interdOpendance  Ptroite  de  1 ' architecture  du  moteur  et  de  la  technologie 
des  composants,  implique  une  cooperation  active  et  simultanPe  des  Pquipes  de  travail  par¬ 
ticipant  3  la  conception  et  3  1'Stude  de  toute  machine  nouvelle. 

Plut6t  que  les  conclusions  auxquelles  nous  sommes  parvenus  sur  tel  projet  de  moteur 
bien  particulier,  conclusions  toujours  fragiles  car  dependant  des  progrSs  techniques  et 
des  donn£es  economiques  du  moment,  on  retiendra  surtout  la  m6thodologie  de  conception 
adoptee. 

Ce  n'estqu'enla  respectant  fidfilement,  tel  est  du  moins  notre  avis,  que  l’on  pourra 
mener  3  bien  la  realisation  d'un  nouveau  produit  techniquement  r£ussi. 


DiSCUSSIUN 


D.Hennecke,  Ge 

In  Figure  10  you  show  a  reverse  flow  combustor  with  an  injection  system  that  appears  to  be  an  air  blast  vaporizer. 
Could  you  comment  on  your  experience  with  this  kind  of  system  and  whether  or  not  it  has  advantages  over  the 
vaporization  system? 

Author's  Reply 

This  particular  figure  is  only  schematic.  From  our  experience,  we  have  concluded  that  the  vaporization  system  is  the 
best  and  that  air  assist  is  not  necessary'  for  these  small  power  applications. 
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SUMMARY 

Future  developments  of  advanced  helicopter  engines  are  projected  from  an  aero- thermodynamic  view¬ 
point,  Cycles  for  engines  aiming  at  lover  specific  fuel  consumption,  improved  power  lapse  rates,  and  im¬ 
plementation  of  contingency  ratings  are  discussed.  These  cycles  include  nonce genera tive  and  regenerative 
cycles.  Design  trends  are  presented  for  the  major  engine  aerodynamic  components. 


1.  INTRODUCTION 

Gas  turbine  engines  entered  the  helicopter  propulsion  arena  in  the  1950's  because  of  their  very 
attractive  power- to-weight  ratio.  The  helicopter's  load-limiting  characteristics  were  overcome  by  a  sub¬ 
stantial  increase  in  specific  power  resulting  from  the  low  weight  of  the  turbine  engine.  In  addition,  the 
technology  of  the  turbine  engine  hsd  became  sufficiently  advanced  with  respect  to  cycle  temperature, 
cycle  pressure  ratio,  and  component  efficiencies  to  offer  an  attractive  fuel  consumption.  With  the  intro¬ 
duction  of  the  light  gas  turbine  engine,  the  industry  had  two  basic  options.  The  first  was  to  maintain 
the  same  basic  system  performance  with  a  lighter  and,  therefore,  less  expensive  aircraft.  The  second 
option  improved  system  performance  through  the  increase  in  vehicle  specific  power.  Industry  chose  the 
latter.  The  success  of  this  decision  can  be  seen  in  the  rapidly  expanding  civil,  as  well  as  military, 
helicopter  fleets.  By  1973,  approximately  70  percent  of  the  over  10,000  helicopters  in  service  were 
petered  by  the  gas  turbine  engine,  ti  h«s  been  e*»LimaLeu  that  by  1990  the  western  world  will  have  over 
23,000  military  helicopters.  During  this  same  period,  it  has  been  projected  that  the  civilian  fleet  will 
more  than  double  to  26,000,  thus  passing  the  military. 

This  projected  growth  in  the  world  helicopter  marketplace  has  created  a  demand  for  new  advanced, 
small  engines.  In  this  paper,  we  will  review  historical  engine  trends,  discuss  engine  cycle  considera¬ 
tions,  and  assess  the  current  areas  of  engine  component  Research  and  Development  (R&D)  activity  aimed  at 
the  new  helicopter  engines  of  tne  future. 

2.  HISTORICAL  ENCIM-  TRENDS 

The  key  features  used  in  the  first  gas  turbine  engines  (T53  and  T55)  specifically  designed  for 
helicopters  in  the  1950 's  are  a  combined  axial-radial  compressor  and  a  free-powev  turbine  with  a  front 
drive.  These  features  adopted  by  most  helicopter  engine  manufacturers  art  expected  to  be  used  in  the  next 
generation  of  engines  ranging  between  800  and  4000  horsepower.  In  the  design  of  the  early  helicopter  en¬ 
gines,  an  optimum  balance  was  emphasized  between  compactness,  performance,  life,  wnint a inability,  and 
cost  of  ownership.  Substantial  improvements  in  ail  these  a-eas  were  achieved  by  a  steady  evolution  pro¬ 
cess  illustrated  in  Figs.  1  and  2  which  truce  the  history  of  the  153  and  T55  helicopter  engines  over  a 
period  of  20  years  in  terms  of  specific  fuel  consumption  and  specific  power.  The  output  power  of  these 
engines  was  increased  by  a  factor  of  two  or  more  whilu  specific  fuel  consumption  was  reduced  by  one 
third.  Much  of  this  improvement  came  as  a  result  of  increased  cycle  temperature,  cycle  pressure  ratio, 
and  better  component  efficiencies.  Substantial  increases  in  cycle  temperature  were  accomplished  by  using 
a  combination  of  improved  materials  and  introducing  cooling  techniques  applicable  to  small  engines.  The 
introduction  of  transonic  axial  compressor  stages  alloved  the  cycle  pressure  ratio  and  air  flow  rates  to 
increase  with  minimum  engine  modifications. 

During  the  l^bQ's,  engine  development  was  focused  on  weight  and  performance.  The  1970* a  saw  in¬ 
creased  emphasis  on  the  trade-offs  between  weight,  performance,  cost,  and  reliability.  Aa  a  result, 
engines  became  simpler  with  iraproved  reliability  and  efficiency.  Fig.  3  illustrates  these  gaine  in  sim¬ 
plicity  and  performance  by  comparing  the  original  1'53  engine  with  the  newer  LTS  101.  Engine  simplicity 
was  achieved  with  significant  performance  improvements.  The  beginning  of  the  evolutionary  development 
phase  of  the  LTS  101  is  also  shown.  Ac  can  be  seen  on  Figs.  1  and  2,  this  engine  achieved  these  perform¬ 
ance  gains  through  higher  cycle  pressure  ratios  and  increased  turbine  inlet  temperature. 

As  we  entered  the  1980's,  tho  industry  became  more  sophisticated  in  the  evaluation  of  engine  pro¬ 
gress.  The  concept  ol  life-cycle  cost  gained  widespread  recognition,  and  all  aspects  of  engine  costs*  such 
ac  design,  development,  fuel  usage,  acquisition,  and  their  impact  on  the  helicopter  life-cycle  cost  are 
now  considered.  Maintenance  concepts  such  as  modular  construction  have  been  deGigned  into  the  engines. 
Per f or mancc  projections  for  the«*e  newer,  advanced- technology  engines  are  also  shown  in  Figs.  1  and  2. 
Continued  progress  under  these  ground  rules,  illustrated  in  Fig-  4,  demonstrates  the  gains  achieved  by 
Lycoming's  Advanced  Technology  Demonstrator  Engine,  which  was  spoiuored  by  the  U.S.  Army.  This  engine, 
currently  development,  was  designed  with  life-cycle  coat  ground  rules  and,  as  such,  recognizee  the 
major  impact  ot  rapidly  rising  fuel  prices. 


8-2 


In  spite  of  the  dramatic  progress  made  in  helicopter  engine  designs  to  date,  it  is  anticipated  that 
significant  advances  in  performance  will  he  achieved  by  engines  of  the  future.  This  advancement  will  show 
up  primarily  in  reduced  fuel  consumption  and  engine  weight.  The  combination  of  these  two  effects  will 
result  in  major  increases  in  payload  capability  or  range. 

3.  CYCLE  CONSIDERATIONS 

Mission  utilization  strongly  affects  the  philosophy  of  engine  design.  Military  and  comnercial  ap¬ 
plications  that  require  longer  missions  and  greater  utilization  need  a  more  sophisticated  engine  having 
low  fuel  consumption  and  requiring  less  maintenance  to  achieve  low  life-cycle  cost.  Low  acquisition  coat 
is  a  stronger  factor  in  the  life  cycle  *ost  for  aircraft  having  low  utilization  as  in  some  general  avia¬ 
tion  applications. 

3.1  Part-Power  Fuel  Consumption  -  Nonregenera t i ve  Cycle 

Mechanical  considerations  determine  the  maximum  allowable  cycle  temperature.  For  each  level  of 
cycle  temperature,  there  exists  a  eye ’ e  pressure  ratio  that  produces  the  minimum  specific  fuel  consump¬ 
tion,  as  shown  in  Fig.  5,  where  specific  fuel  consump'  o:  (cPr')  and  specific  power  are  shown  to  vary  as  a 
function  of  pressure  ratio  with  ttrmp  jratut ft  as  a  pa  an»  i  The  optimum  cycle  pressure  ratio  that  pro¬ 
duces  minimum  fuel  consumption  increases  wit-i  cycle  temperature  and  component  efficiency  index. 

There  have  been  steady  improvements  in  turhine  cooling  technology  and  high-temperature  materials 
applicable  to  small  engines.  As  a  result,  there  has  been  a  gradual  increase  in  the  allowable  cycle  tem¬ 
perature.  Since  compressors  can  achieve  higher  stage  pressure  ratios,  there  is  an  incentive  to  attain 
higher  pressure  ratio  cycles  with  a  reduction  in  the  number  of  stages. 

Two  part-load  lines  shown  in  Fig.  5,  indicate  how  the  performance  would  vary  if  a  constant  component 
efficiency  index  (down  to  60  percent  part-power)  could  be  achieved.  By  selecting  a  cycle  with  a  pressure 
ratio  of  20  and  temperature  of  2800°R  compared  with  a  cycle  having  a  pressure  ratio  of  14  and  a  tem¬ 
perature  of  2600°R,  a  sevei -percent  reduction  in  SFC  at  maximum  power  could  be  obtained.  However,  at 
60-percent  part  power,  the  improvement  in  SFC  is  increased  to  11  percent  with  the  more  advanced  cycle. 
This  improvement  indicates  that  even  chough  fuel  consumption  benefits  are  achieved  at  maximum  power  with 
advanced  cycles  even  larger  benefits  result  at  part  power  where  the  greater  portion  of  operation  occurs. 

3.2  Power  Lapse  Rate 

A  prime  sizing  condition  for  twin-engine  helicopters  is  based  on  the  "One  Engine  Inoperative"  flight 
condition  at  4000  feet  altitude  on  a  553°R  day.  It  then  is  beneficial  to  select  cycle  parameters  that 
minimize  the  lapse  in  power  caused  by  high  ambient  temperatures.  The  variation  in  power  output  of  typical 
engine  cycles  was  studied  as  the  ambient  temperature  varied  from  519°  to  555°P._  The  relative  influ¬ 
ence  of  design  parameters,  such  as  cycle  pressure  ratio,  turbine  in let  temperature,  and  component  effi¬ 
ciency  index  were  included. 

At  high  ambient  temperatures,  the  specific  power  output  from  the  power  turbine  is  reduced  as  a  re¬ 
sult  of  the  lower  pressure  ratio  available.  Fig.  6  shows  specific  power  loss  as  a  function  of  cycle  pres¬ 
sure  ratio  and  turbine  inlet  temperature  for  two  component  polytropic  efficiency  levels.  For  polytropic 
efficiencies  of  0.8  and  a  turbine  inlet  temperature  of  2250°R,  the  specific  power  loss  resulting  from 
hot-day  operation  increases  from  11  to  23  percent  as  the  cycle  pressure  ratio  is  increased  from  8  to  20, 
At  higher  cycle  temperatures,  the  specific  power  loss  becomes  less  dependent  upon  cycle  pressure  ratio. 
At  higher  component  efficiency  indexes,  this  loss  almost  becomes  constant. 

In  Fig.  7,  the  upper  curve  shows  the  reduction  in  airflow  rate  as  a  function  of  cycle  pressure 
ratio  when  the  ambient  temperature  increases  from  519°  to  555°R.  The  reduction  in  airflow  is  shown  to 
be  lower  at  low-pressure  ratios  than  at  high-pressure  ratios.  The  loss  in  airflow  increases  40  percent  as 
the  cycle  pressure  ratio  varies  from  3  to  20.  The  reduction  of  specific  power  ( A  shp/Wa)  is  again  shown 
ac  a  function  of  the  cycle  picsoun;  ratio  with  the  turbine  inlet  temperature  as  a  parameter  but  for  a 
polytropic  efficiency  index  of  0.86.  Generally,  the  loss  in  specific  power  decreases  substantially  with 
increased  turbine  inlet  temperature.  The  total  power  loss  is  a  combination  of  the  airflow  loss  and  the 
specific  power  loss.  This  combination  increases  with  pressure  ratio  for  a  constant  turbine  inlet  tempera¬ 
ture.  As  previously  shown,  the  simultaneous  increase  of  cycle  temperature  with  pressure  ratio  improves 
the  specific  fuel  consumption.  This  simultaneous  increase  in  cycle  temperature  with  pressure  ratio  also 
minimizes  the  lapse  in  power  due  to  hot-day  operation  as  indicated  by  "Line  A"  in  Fig.  7. 

3.3  Contingency  Ratings 

The  rapid  gain  in  popularity  of  twin-engine  helicopters  has  created  a  new  demand  on  the  engine  de¬ 
signer  to  provide  safe  operation  when  one  engine  is  inoperative  (OEI).  In  this  paper,  we  will  restrict 
ourselves  to  the  impact  of  this  requirement  on  the  selection  and  design  of  engine  components.  The  problem 
is  the  airframe  manufacturer’s  natural  desire  for  a  large  amount  of  contingency  power  (as  much  as  502) 
with  few,  if  any,  "use  restrictions"  and  with  no  special  maintenance  actions  required.  Taken  at  face 
value,  this  means  the  engine  must  be  significantly  largrr  iuch  an  engine,  however,  would  penalize  the 
helicopter  by  being  heavier,  larger,  more  costly,  and  les  Luel-eff icient  for  a  given  mission. 

The  commonly  accepted  method  of  obtaining  contingency  power  is  to  merely  advance  the  throttle.  This 
teBults  in  higher  turbine  inlet  temperature  and  higher  speed.  Power  increases  of  10  to  20  percent  can 
normally  be  achieved  in  this  manner.  But,  consideration  of  even  higher  ratings  eventually  runs  into 
fundamental  limitations  based  on  engine  component  sizing.  These  limitations  are  primarily  concentrated  on 
two  components .  The  first  component  considered  is  the  compressor.  All  compressors  reach  an  operating  con¬ 
dition  called  "choked-f low"  where  the  engine  airflow  no  longer  increases  in  proportion  to  speed  changes. 
Eventually,  an  absolute  referred  airflow  limit  is  reached;  this  is  caused  by  the  choking  of  the  front 
stages  of  the  compressor.  When  this  condition  is  reached,  no  further  power  increase  can  be  obtained  by 
airflow,  and  the  compressor  stages  become  mismatched,  thus  causing  a  drop  in  the  surge  line.  At  the  same 


time,  the  compressor  efficiency  decreases  rapidly  and  causes  the  engine  operating  line  on  the  compressor 
map  to  turn  upward.  Both  effects  then  combine  to  continually  decrease  engine  transient  surge  margin  until 
steady-state  surge  is  encountered. 

An  additional  consideration  involves  the  basic  differences  in  the  matching  of  turboprop  and  turbo¬ 
shaft  helicopter  engine  components.  In  the  turboprop,  the  engine  sizing  criterion  is  altitude  climb  and 
cru'se  where  low  ambient  temperatures  are  encountered.  The  turboshaft  helicopter  engine,  however,  is  nor¬ 
mally  ouch  more  concerned  about  hot-day  lift  capability  and  part-load  efficiency  under  relatively  low- 
altitude  cruise  conditions.  Because  of  compressor  re f erred-speed  characteristics,  an  optimum  helicopter 
turboshaft  engine  should  be  matched  at  a  higher  compressor  referred  speed  at  takeoff  conditions  than  a 
turboprop  engine;  this  reduces  the  maximum  increase  in  airflow  obtainable  for  a  turboshaft  engine  before 
the  compressor  chokes.  Consequent ly ,  an  engine  matched  for  maximum  hot-day  power  capability  will  have  a 
smaller  increment  of  contingency  power  available  than  a  turboprop  engine. 

The  power  turbine  also  plays  a  role  in  that  a  large  power  excursion  for  OEI  use  forces  the  turbine 
to  operate  at  higher  exit  Mach  numbers.  This  condition  reduces  the  component's  efficiency  until  it  also 
reaches  a  choked  condition.  In  addition,  the  power  turbine  oust  operate  at  a  constant  rpm  because  of  the 
helicopter's  rotor  acceleration  limitations.  Operating  at  constant  rpm  results  in  increased  exit  swirl 
leaving  the  power  turbine  with  a  further  reduction  in  potential  power  output.  There  are  also  mechanical 
problems  associated  with  the  higher  gas  producer  rotor  speeds  and  temperatures  caused  by  advancing  the 
throttle.  These  fundamental  limitations  can  be  overcome  with  proper  design,  but  at  the  expense  of  having 
larger  components. 

From  the  standpoint  of  fuel  consumption,  it  is  also  desirable  not  to  just  make  a  larger  engine.  As 
seen  in  Fig.  8,  an  engine  that  is  oversized  to  cover  the  contingency  requi rements  will  suffer  a  five-to- 
ten  percent  penalty  in  specific  fuel  consumption  under  typical  cruise  power  requirements.  This  is  because 
the  engine  is  effectively  operating  at  a  lower  percentage  of  a  design  power.  Based  upon  this  effect,  it 
is  desirable  to  limit  the  amount  and  usage  of  contingency  power  so  that  this  penalty  is  minimized. 

Considering  the  above  factors,  trade-off  studies  should  be  conducted  to  establish  the  amount  of 
contingency  power  required  and  to  determine  its  impact  on  the  helicopter  system  prior  to  final  engine 
sizing.  The  desire  to  have  50-percent  additional  power  available  under  an  OEI  condition  does  not  appear 
to  be  practical  when  considering  a  “push  the  throttle"  approach.  Controlled  usage  of  10-to-20  percent 
additional  power  would  be  more  realistic.  Unfortunately,  this  does  not  entirely  solve  the  problem  since 
any  contingency  pewer  margin  designed  into  the  engine  will  tend  to  be  reduced  as  additional  power  is 
required  during  the  inevitable  growth  cf  the  system.  A  continuing  program  to  develop  future  contingency 
ratings  as  the  engine  grows  must  be  maintained  after  a  system  enters  production. 

3.4  Regenerative  Cycles 

In  the  past,  regenerators  have  received  recognition  as  to  Liiei r  theoretical  potential  for  signifi¬ 
cantly  reducing  the  fuel  consumption  of  a  gas  turbine  engine.  But  in  recent  years,  they  have  progressed 
to  a  point  where  a  more  realistic  appraisal  can  be  made  of  their  potential  benefit  in  helicopter  applica¬ 
tions.  Experimental  regenerative  engines  have  been  tested  in  various  vehicles  and  have  even  been  flown 
experimentally  in  a  helicopter.  The  U.S.  Army's  Abram  tank  now  in  production  is  using  a  regenerative  en¬ 
gine.  Studies  were  recently  sponsored  by  the  U.S.  Army  at  Fort  Eustis,  Va.,  to  investigate  the  potential 
of  using  such  engines  on  helicopters  in  the  future.  A  stannary  of  regenerator  design  and  performance  char¬ 
acteristics  will  be  discussed  in  the  Component  Section  of  this  paper.  This  discussion  of  regenerators 
will  focus  on  identifying  various  approaches  to  their  possible  use  on  modern  helicopters. 

The  basic  problems  involved  with  the  use  of  regenerators  on  helicopters  are  veight  and  size.  Al¬ 
though  reductions  in  specific  fuel  consumption  of  twenty  percent  or  more  are  readily  achievable  with 
today's  heat  exchanger  technology,  the  weight  impact  of  such  units  severely  penalizes  the  performance  of 
the  weight-sensitive  helicopter.  Performance  benefits  of  the  aircraft  system  depend  on  a  trade-off  be¬ 
tween  the  weight  of  the  fuel  saved  and  the  increase  in  aircraft  v^ight  caused  by  the  weight  of  the  regen¬ 
erator.  In  general,  longer  missions  make  the  use  of  a  regenerator  more  attrartiup,  Several  approaches 
Chet  hive  the  potential  lu  reduce  this  weight  penalty  are  discussed  below. 

The  performance  (effectiveness)  of  a  regenerator  is  largely  a  function  of  its  heat-transfer  surface 
area,  which  in  turn  establishes  its  weight.  Unfortunately,  the  physics  of  the  heat- trans f er  process  makes 
the  relationship  between  effectiveness  and  weight  nonlinear  (sec  Fig.  9).  One  potential  method  to  reduce 
the  weight  penalty  is  to  size  the  unit  for  cruise  conditions;  this  gives  the  benefit  of  part-load  fuel 
savings  at  significantly  reduced  weight.  A  necessary  addition,  however,  would  be  the  use  of  a  gas-side 
bypass  valve  at  high  power  to  reduce  the  pressure  loss  and  back  pressure  on  the  power  turbine  at  high 
flow  rates.  Other  approaches  include  the  use  of  one  regenerative  engine  on  a  twin-engine  helicopter. 
Cruise  power  could  be  taken  from  the  regenerated  engine  while  the  other  engine  is  either  shut  down  or 
operated  at  a  lew  idle  setting. 

Additional  fuel  savings  can  be  realized  in  a  regenerated  engine  by  using  a  variable-area  power  tur¬ 
bine.  This  device  shifts  the  ooint  of  minimum  fuel  consumption  to  the  desired  part-power  operating  condi¬ 
tion.  A  typical  operating  line,  shown  dotted  on  a  regenerative  cycle  plot  (Fig.  10)  indicates  how  the 
fuel  consumption  varies  at  part-power  operation.  The  specific  fuel  consumption  and  specific  power  are 
shown  versus  cycle  pressure  ratio  with  cycle  temperature  as  a  parameter  for  a  constant  component  effi¬ 
ciency  index.  "A"  denotes  the  cycle  pressure  ratio  and  temperature  at  maximum  power.  Closing  the  power 
turbine  stator  while  maintaining  a  constant  turbine  inlet  temperature  causes  the  pressure  ratio  across 
the  gas  producer  turbine  to  decrease.  This  action  results  in  a  reduction  in  the  work  output  from  the  gas 
producer  turbine,  thereby  requiring  the  compressor  to  decrease  in  speed,  flow,  and  pressure  ratio.  The 
lower  flow  results  in  decreased  power  even  though  the  turbine  inlet  temperature  is  maintained  (line  A-B). 
Point  "B"  denotes  the  optimum  cycle  at  which  a  further  reduction  in  power  is  obtained  by  lowering  the 
cycle  temperature  (line  B-C ) .  In  this  manner,  a  nearly  constant  specific  fuel  consumption  is  achieved 
down  to  part-power  where  a  greater  portion  of  cruise  operation  occurs. 
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4.  aerodynamic  COMPONENTS 

Component  research  and  development  activities  are  continuing  to  enable  the  advanced  cycles  to  be 
achieved.  This  section  discusses  current  approaches  to  obtain  improved  components  for  future  helicopter 
powerplants.  The  discussion  is  limited  to  the  prime  aerodynamic  components  including  compressors,  com¬ 
bustors,  turbines,  and  regenerators, 

4. 1  Compressors 

Substantial  advances  have  been  made  in  compressor  technology  over  the  past  ten-to-f i f teen  years. 
While  peak  efficiencies  have  not  increased  significantly,  these  efficiency  levels  have  been  extended  to 
increasingly  higher  cycle  pressure  ratios.  Much  progress  has  been  accomplished  in  the  analytical  tech¬ 
niques  applied  to  compressor  design  and  deve lopment .  Highly  transonic  and  fully  supersonic  stages  have 
been  ueve loped  to  the  level  of  performance  necessary  for  use  in  advanced  engines.  Figure  11  shows  the 
measured  performance  map  of  a  small  single-stage  axial  compressor,  designed  for  a  five-pound  per  second 
airflow,  operating  at  a  stage-press ure  ratio  of  2:1.  The  single  compressor  stage  shows  excellent  charac¬ 
teristics  with  the  peak  efficiency  contours  located  well  away  from  the  surge  line.  This  stage  has  been 
successfully  coupled  with  a  fully  supersonic  second  stage  to  produce  an  overall  pressure  ratio  of  approxi¬ 
mately  3.5:1.  Earlier  technology  would  have  required  five  or  six  stages  to  accomplish  the  same  pressure 
rise . 


Major  development  efforts  have  been  directed  toward  the  centrifugal  compressor.  Improved  theoretical 
modeling  of  this  unit  has  increased  its  range  of  useful  pressure  ratios.  Analytical  techniques  from  tran¬ 
sonic  axial  states  have  been  applied  to  the  design  of  the  impeller's  inducer  section.  Improved  structural 
analysis  h*i  allowed  higher  tip  speeds.  In  addition,  the  use  of  leanback  on  the  impeller  vanes  has  im¬ 
proved  diffuser  performance  by  reducing  the  entering  Mach  number.  Figure  12  shows  a  typical  selection  of 
modem  centrifugal  impellers.  Pressure  ratios  have  risen  from  the  3:1  range  to  the  level  of  10:1  with  ex¬ 
perimental  programs  directed  toward  15:1.  As  a  result,  the  compressor  section  of  a  typical  high-pressure 
ratio  advanced  helicopter  engine  may  consist  of  one  or  two  axial  stages,  plus  a  high-pressure  ratio  cen¬ 
trifugal  stage,  as  opposed  to  the  I0-to-14  axial  stages  used  in  older  engines. 

Improved  operating  range  (surge  margin)  has  been  achieved  through  the  use  of  long  chord  blades  in 
the  front  stages  of  axial  compressors.  Rotor  tip  treatment  has  also  proven  useful  in  increasing  surge 
margin  in  a  simple,  reliable  manner. 

As  a  result,  it  can  be  expected  that  improvements  in  engine  performance  will  continue  due  to  the 
higher  cycle  pressure  ratios  available  to  small  engines.  Even  though  the  complexity  of  the  compressor  has 
been  reduced  dramatically,  excellent  levels  of  efficiency  have  been  maintained. 
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The  modern  gas  turbine  combustor,  faced  with  a  rapidly  changing  environment,  has  had  to  adjust  to 
higher  cycle  pressure  ratios  and  temperature  levels.  Higher  air  temperature  leaving  the  compressor  has 
made  cooling  of  the  liner  more  difficult.  In  addition,  the  combustor  designer  faces  the  problem  of  ex¬ 
haust  emissions  that  are  coupled  with  the  demand  to  operate  with  a  wider  range  of  new  types  of  fuel.  The 
necessary  solutions  are  particularly  demanding  with  the  small  combustors  typical  of  helicopter  power- 
plants  , 


New  combustor  design  and  development  procedures  are  enabHng  these  challenges  to  be  met  success¬ 
fully.  Great  effort  is  being  devoted  to  the  development  of  accurate  analytical  models  of  combustion  sys¬ 
tems.  Overall  design  approaches,  using  one-,  two-,  and  even  three-dimensional  representations,  are  being 
developed  and  used.  Interactive  design  methods  have  been  started.  More  detailed  representations  developed 
for  specific  purposes  are  also  making  steady  progress.  Fuel-spray  modeling  has  yielded  performance  bene¬ 
fits  and  has  been  successfully  coupled  with  experimental  techniques  to  verify  its  accuracy.  Liner-wall 
analysis  techniques  are  particularly  useful  in  the  development  nf  long-life  combustors  because  cf  the 
high-temperature  cooling  air  and  the  higher  combustor  exit  temperatures  of  advanced  engines.  Characteris¬ 
tic  time-modeling  procedures  have  yielded  benefits  in  reducing  exhaust  emissions.  Fundamental  modeling  of 
the  chemical  processes  is  being  accomplished  by  using  tone  combustion  models  that  analyze  various  steps 
involving  droplet  evaporation,  mixing,  and  the  chemical  reaction.  The  successful  application  of  these 
methods  of  analysis  are  yielding  good  solutions  using  simpler  hardware. 

An  example  of  the  successful  application  of  these  analyses  is  in  the  area  of  exhaust  emissions.  The 
basic  problem  involves  achieving  a  satisfactory  trade-off  between  the  high-power  region  where  smoke  and 
the  oxides  of  nitrogen  (N0X)  predominate  and  low  power  where  carbon  monoxide  (CO)  and  unbumed  hydro¬ 
carbons  (UNH)  manifest  themselves.  From  a  combustor  design  viewpoint,  this  requirement  presents  conflict¬ 
ing  demands  for  high-  and  low-power  operation. 

The  solution  in  large  engines  was  to  develop  staged  combustion  systems  where  literally  a  small  com¬ 
bustor  is  used  in  the  low-power  regime  and  an  adjacent,  larger  one  used  at  high-power  levels.  The  size, 
cost,  and  complexity  of  such  approaches  were  undesirable  for  small  engines.  Figure  13  depicts  an  annular 
combusLor  designed  for  small  helicopter  engines.  This  circumferentially  stirred  combustor  admits  primary 
combustion  air  through  slots  in  the  liner  header  to  produce  a  flow  vortex  about  a  circumferential  mean 
line.  Folding  air  jets  enter  through  the  inner  wall  to  reinforce  this  primary  zone  recirculation  pattern 
which  is  then  forced  to  turn  axially  on  either  side  of  these  folding  jets  to  create  a  pattern  in  the 
shape  of  a  horseshoe.  A  single  fuel  injector  supplies  both  legs  of  tie  horseshoe  pattern,  thus  reducing 
by  a  factor  of  two  the  number  of  fuel  injectors  required.  This  concept  introduced  a  major  cost  benefit 
and  also  resulted  in  doubling  the  size  of  the  small  fuel  nozzle  passages.  Testing  of  this  concept  veri¬ 
fied  a  reduced  N0X  production  at  high  power  levels  where  NOx  is  most  critical.  As  a  result,  combustor 
modifications  could  then  be  made  to  reduce  CO  and  unburned  hydrocarbons  (UNH)  at  idle.  The  tested  results 
for  a  baseline  combustor  and  a  low  emissions  version  of  the  same  design  are  shown  in  Fig.  14  and  compared 
with  the  now  abandoned  United  Slates  EPA  standards  of  1973  for  an  equivalent  turboprop  version  of  a  small 
helicopter  engine. 


Continued  development  of  advanced  combustor  modeling  technique  will  lead  to  similar  improvements  in 
combustor  life,  exit  temperature  distribution,  and  the  ability  to  handle  a  wide  range  of  fuels. 

4.3  Turbines 

The  design  of  a  modern  high- teraperat ure  turbine  requires  the  integiation  of  several  technologies 
that  include  aerodynamics,  heat  transfer,  and  materials. 

All  of  these  technologies  play  an  important  roll  in  producing  a  design  that  is  efficient  and  pos¬ 
sesses  good  mechanical  integrity.  The  trend  in  turbine  design  is  towards  higher  temperature  and  higher 
work  extraction  per  stage;  this  not  only  reduces  the  number  of  stages  but  also  reduces  the  gas  temperature 
entering  the  next  stage.  As  a  result,  cooling  air  requirements  are  also  reduced.  This  higher  work  extrac¬ 
tion,  however,  requires  increased  rotational  speeds  that  result  in  higher  stress  levels. 

Size  effects  are  critical  to  highly  efficient,  small  turbines.  Figure  15  illustrates  the  small  size 
of  the  gas  producer  turbine  for  an  advanced  800-horsepower  engine.  Dimensional  effects,  such  as  toler¬ 
ances,  clearances,  surface  finish,  leading  and  trailing  edge  thicknesses,  and  casting  wall  thickness, 
cannot  be  scaled  down.  Therefore,  these  effects  influence  small  turbine  losses  to  a  much  greater  extent 
than  large  turbines*  Since  blade  chords  are  not  scalable,  aspect  ratios  become  smaller,  thereby  resulting 
in  larger  secondary  losses.  Cooling  airflow  requirements  are  larger  because  of  disproportionately  higher 
wetted  turbine  surface  area.  This  additional  cooling  flow  not  only  creates  more  losses  in  the  turbine  but 
is  detrimental  to  the  cycle.  The  challenge  then  is  to  minimize  these  effects  with  proper  design.  Some 
turbine  design  features,  which  are  presently  being  pursued,  are  discussed  below: 

The  gas  generator  turbine  for  the  LTS  101  turboshaft  engine  is  an  example  of  a  good  aerodynamic 
design  for  its  size  class  (5  Ibm/sec)  as  reflected  by  the  tested  performance  map  shown  in  Fig.  16.  Care¬ 
ful  control  of  the  surface  velocities  on  the  blades  and  vanes  has  contributed  substantially  to  the  high 
efficiency.  In  addition*  tip  leakage  losses  have  been  minimized  by  designing  for  a  cylindrical  tip  dia¬ 
meter  and  moderate  tip  reactions. 

Blade  tip  clearances  strongly  affect  the  end-wall  losses  and  are  magnified  in  small  turbines.  Spe¬ 
cial  attention  was  given  to  cooling  the  cylinder  surrounding  the  hi gh- temperature  gas  producer  turbine  so 
as  to  minimize  the  "out  of  round"  distortion  to  insure  control  of  the  tip  clearance  and  leakage  and  to 
extend  its  life.  Figure  17  shows  the  design  of  a  typical  cooled  gas-producer  turbine  cylinder  with  clear¬ 
ance  control.  Cooling  air  is  channeled  to  the  front  of  the  cylinder  where  it  enters  a  labyrinth  of  five 
passages.  The  passages,  which  are  interconnected,  allow  air  to  flow  circumferentially  as  it  passes  from 
one  passage  to  another  towards  the  back  of  the  cylinder  where  it  reenters  the  main  gas  stream.  The  purpose 
of  the  clearance  control  is  to  safely  maintain  tight  clearances  during  various  operating  conditions,  i.e., 
takeoff,  cruise,  acceleration,  and  deceleration.  This  clearance  control  results  in  a  reduction  of  the 
end-wall  losses  with  a  gain  of  several  percent  in  turbine  efficiency. 

The  cooling  air  network  for  a  ga»  producer  turbine  is  shown  in  Fig.  18.  Note  that  the  heat  shield 
has  a  dual  purpose:  first,  it  insulates  the  turbine  cooling  air  as  it  passes  along  the  combustor  liner; 
and  secondly,  it  allows  some  cooling  air  to  pass  between  the  shield  and  liner  to  provide  convective  and 
film  cooling  to  the  liner. 

The  cooling  air  preswirl  nozzles  (shown  in  Fig.  18)  are  used  to  extract  energy  from  the  high-pres¬ 
sure  cooling  air,  thus  reducing  its  pressure  and  temperature  before  it  enters  the  gas  producer  rotor.  The 
lower  temperature  benefits  cooling  of  the  turbine  disk  and  blades. 

An  approach  to  the  design  of  a  high-temperature  rotor  blade  is  depicted  in  Fig.  19.  Cooling  air 
enters  the  center  of  the  blade  and  is  allowed  to  impinge  on  the  external  skin  through  side  holes.  This 
approach  results  in  high  heat  transfer  coefficients  and  effective  cooling.  The  air  then  passes  through 
film  cooling  holes  to  provide  a  protective  film  surrounding  the  bLade. 

New  blade  materials  and  casting  processes  are  constantly  being  explored.  Blades  are  being  manufac¬ 
tured  by  diic-ctiviuilly  auiidifying  blade  material  to  produce  a  columnar  grain  structure  that  improves  its 
stress-rupture  strength  characteristics.  Single  crystal  blades  are  also  being  produced  for  increased 
strength  by  eliminating  the  grain  boundaries.  Directionally  solidified  blades  permit  a  35°F  higher  tem¬ 
perature,  whereas  single  crystal  blades  can  tolerate  a  130°F  increase  in  temperature  for  the  same 
stress  level  and  blade  life. 

As  discussed  above,  regenerative  engines  benefit  substantially  from  variable  turbine  geometry  so 
that  high-cycle  temperatures  are  maintained  at  part  power,  thereby  resulting  in  lower  specific  fuel  con¬ 
sumption.  Although  variable  geometry  hag  been  limited  in  the  past  to  uncooled  power  turbines,  it  should 
be  extended  to  coo) ed  turbines  so  that  adequate  compressor  surge  margin  can  be  insured  at  part  power  in 
order  to  achieve  maximum  efficiency.  It  is  by  these  means  that  the  turbine  can  be  continuously  altered  to 
meet  power  or  acceleration  requirements. 

As  discussed  above,  the  turbine  component  requires  considerable  attention  to  a  variety  of  details 
that  will  contribute  to  improved  performance  and  mechanical  integrity.  These  details  require  the  integra¬ 
tion  of  the  various  disciplines  to  produce  a  successful  design. 

4.4  Regenerators 

Recent  studies  have  shown  that  regenerative  engines  designed  for  helicopter  applications  using  pre¬ 
sent  state-of-the-art  components  can  achieve  a  20-percent  fuel  savings  over  nonregenerat ive  type  engines. 
The  combined  engine  and  fuel  weight  of  a  typical  regenerative  engine  is  approximately  the  same  as  a  non- 
regenerative  engine  configured  for  missions  of  two  to  three  hours.  Fuel  savings  offset  the  higher  acquisi¬ 
tion  cost  of  a  regenerative  engine  for  fuel  cost  above  $1. 80/gallon  (1979  dollars).  It  is  envisioned  that 
by  1985  a  small  regenerative  helicopter  engine  can  become  economically  feasible.  This  is  especially  true 
since  it  is  becoming  more  difficult  to  make  advancements  in  component  efficiency,  and  we  may  have  to 
resort  to  other  means,  such  as  regeneration,  to  achieve  future  reductions  in  fuel  consumption. 
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The  regenerative  engine  now  in  production  for  the  Ml  Abram  tank  ha*  provided  valuable  experience  in 
the  design,  development,  and  manufacture  of  regenerators  that  could  be  applicable  to  helicopter  turbo- 
ahaft  engine*.  Figure  20  ia  a  schematic  of  this  "multiwavc-plate"  regenerator  core.  Hot  ga*  enters  the 
core  along  the  inner  annulus,  passes  radially  through  the  heat  transfer  surfaces,  and  then  exhaust*. 
Kigh-preaaure  air  enters  the  core  through  the  triangular  passages  and  then  enters  the  heat-transfer  sur- 
faces  in  a  cross-flow  direction,  with  respect  to  the  exhaust  gas.  This  air  then  flow*  radially  inboard 
(counterflow  to  the  gas)  and  flows  once  again  in  a  cross-flow  direction  and  return*  to  the  combustor 
through  the  elliptical  passages. 

Preliminary  designs  of  tube-type  regenerators  have  alao  been  made.  An  example  of  such  a  design  is 
illustrated  in  Fig.  21,  where  a  regenerative  LTS  101  is  depicted  with  a  tube-type  regenerator.  The  regen¬ 
erative  engine  is  identical  to  the  nonregenerat ive  version  except  for  the  combustor  housing.  The  housing 
assembly  incorporates  the  following  functions  by  which  it: 

1.  Provides  a  diffuser  and  duct  for  air  leaving  the  compressor  passing  to  the  regenerator 

2.  Provides  a  duct  for  the  hot  air  leaving  toe  regen  :rctor  passing  to  the  combustor 

3.  Provides  a  main  structural  member  to  attach  the  regenerator  to  the  engine  mi d fra me  at  the  com¬ 
pressor  diffuser  exit;  this  is  the  main  rear  support  for  the  rear  gas  producer  rotor  bearing,  the  power 
turbine  assembly,  and  the  fuel  manifold. 

The  regenerator  which  is  a  cross-flow,  tube-type  heat  exchanger  having  two  passes  on  the  tube  (air) 
side  and  one  on  the  shell  (gas)  side  was  designed  to  achieve  72-percent  effectiveness  with  an  air-side 
core  pressure  drop  of  two  percent  and  a  gas-side  core  pressure  drop  of  five  percent.  The  thermodynamic 
details  are  given  in  Fig.  22.  The  tubes  ..re  brazed  to  the  forward  header,  rear  header,  and  two  intermedi¬ 
ate  baffles.  The  baffles  are  extensions  of  the  hot-gis  exit  diffuser  that  improves  the  flow  distribution 
over  the  tubes,  as  well  as  providing  a  tube  support  structure. 

A  comparison  of  the  part-load  per f orman''0-  of  the  regenerative  engine  with  a  nonregenerative  engine 
is  presented  in  Fig.  23.  The  regenerator  pres/’.ce  drop,  along  with  the  additional  diffuser  loss  and  leak¬ 
age,  caused  a  reduction  in  maximum  power.  The  specific  fuel  consumption  is  reduced  20  percent  at  50  per¬ 
cent  power  irfiich  ia  approximately  *  cruise  power  setting  for  helicopter  applications. 

The  regenerative  engine  has  progressed  to  a  point  of  becoming  economically  attractive  for  helicop¬ 
ter  applications.  Further  development  of  manufacturing  methods  such  as  welding  processes,  plate  forming, 
tube  extrusion,  and  fabrication  is  required  to  reduce  regenerator  manufacturing  costs. 

5.  CONCLUSIONS 

Helicopter  engines  of  the  next  decade  will  exhibit  significantly  improved  performance  if  current 
Kesearch  and  Development  programs  are  pursued  to  their  full  potential. 

Small  nonregenerative  turboshaft  engines  in  the  800-to-1200  horsepower  class  are  projected  to  have 
cycle  pressure  ratios  in  the  range  of  18  to  22:1  and  turbine  inlet  temperatures  of  about  2800°R.  Speci¬ 
fic  fuel  consumption  will  approach  0.4  lbm/hp/hr. 

Compressors  used  in  future  engines  will  achieve  this  cycle  pressure  ratio  by  using  fewer  stages. 
Configurations  consisting  of  a  combination  of  axial  and  centrifugal  stages  or  dual  centrifugal  stages  are 
viable  approaches.  The  centrifugal  compressors  will  have  leanback  impellers  to  improve  efficiency  and 
range.  The  turbine  will  be  aerodynamics l ly ,  highly  loaded  with  active  clearance  control  to  minimize  tip 
clearance  and  secondary  losses.  Advanced  materials  such  as  single  crystal  blades  will  be  used  to  extend 
life  and  reduce  cooling  requirements.  Environmental  controls  will  become  more  severe  requiring  that  more 
emphasis  be  placed  on  developing  combustors  having  low  emiscions.  And  finally,  because  of  the  escalation 
of  fuel  prices,  the  regenerative  turboshaft  engine  will  receive  more  attention  for  helicopter  applica¬ 
tions  with  long  duration  mission  requirements. 
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Figure  1  Historical  Improvement  in  Fuel  Consumption 


Figure  2  Historical  Improvement  in  Specific  Power 
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LTS  101 


Figure  3  Simplicity  Achieved  with  New  Centerline 


8-9 


(SHP/Wa)0  SPECIFIC  POWER  AT  519R  (280K) 
ASHP/Wa  REDUCTION  OF  SPECIFIC  POWER 
AT  5S5R  (308K) 


Figure  6  Effect  of  Cycle  Parameters  on  Hot  Day  Specific  Power  Reduction 
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Figure  7  Effect  of  Cycle  Parameters  on  Hot  Day  Engine  Power  Loss  for 
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Figure  8  Impact  of  “One  Engine  Inoperative"  Sizing  on  Twin  Engine  Installation 
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Figure  9  Aircraft  Regenerator  Effectiveness  vs  Size 
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Figure  10  Turboshaft  Engine  Performance  -  Regenerative  Cycle 
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Figure  11  High  Pressure  Ratio  -  Single  Axial  Compressor  Measureo  Performance 


Figure  12  Typical  Research  Impellers 


Figure  13  rolded  Annular  Combustor  -  “Horseshoe"  Flow  Pattern 
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Figure  14  Emissions  Test  Results  for  "Horseshoe”  Combustor 


Figure  15  Advanced  Gas  Generator  Turbine 
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Figure  16  Tested  LTS  101  Gas  Generator  Turbine  Performance  Map 
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Figure  17  Gas  Generator  Turbine  Cooled  Cylinder 


Figure  18  Gas  Generator  Turbine 
Cooling  Network 


Figure  19  Small  High  Temperature 
Turbine  Blade 
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Figure  20  Multi-Wave  Plate  Regenerator  Core 
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Figure  21  Regenerative  Aircraft 

Turboshaft  Engine  in  the 
850  Horsepower  Class 
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Figure  22  Design  Parameters  for  an 
Aircraft  Engine  Regenerator 


Figure  23  Engine  Performance  Comparison.  Regenerative  vs  Nonregenerative 


DISCUSSION 


W.Heilmann,  Ge 

In  relation  to  your  high  pressure  turbine  performance  map,  is  it  from  a  cold  rig  test? 

Vuthor’s  Reply 

Yes. 

W.Heilmann,  US 

Then,  what  would  you  expect  the  reduction  in  efficiency  to  be  due  to  cooling? 

Author's  Reply 

When  operating  in  a  hot  environment  with  cooling,  the  efficiency  would  decrease  between  one  and  two  points 
depending  on  the  clearance  control. 

H.Kreiner,  Ge 

Do  you  have  effective  fabrication  techniques  to  match  the  advanced  tip  clearance  control  and  cooling  designs? 

Author’s  Reply 

Fabrication  techniques  would  be  developed  concurrently  with  the  advanced  blade  design.  Fabrication  techniques 
already  exist  for  the  tip  clearance  control. 
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Summary; 


On  the  basis  of  modern  engine  component  technology,  including  and  eniphasi2ing  recent 
progress  in  high-temperature  heat  exchanger  technology,  a  conventional  and  a  regene¬ 
rative  helicopter  engine  in  the  900  kW  power  class  are  compared  in  view  of  design,  per¬ 
formance  and  life-cycle  costs. 

The  comparison  shows  that  the  installation  properties  of  the  two  engines  are  roughly  the 
same.  For  a  typical  attack  helicopter  mission,  the  composite  of  power  system  weight  (in¬ 
cluding  v.he  IR  suppressor)  and  fuel/mission  weight  will  be  noticeably  lower  in  the  case 
of  the  regenerative  engine.  This  is  mainly  a  consequence  of  the  latter*s  better  fuel 
consumption. 

The  variable  power  turbine,  being  an  indispensable  part  ot  a  regenerative  engine,  at 
the  same  time  leads  to  an  extremely  favourable  transient  behaviour  with  a  moderate  in¬ 
fluence  of  severe  cyclic  loading  on  hot-part  lifetime.  No  significant  difference  exists 
in  IR  emission  at  part  load,  due  to  the  design  of  the  IR  suppressor  for  the  same 
exhaust  temperature  at  mas:,  power. 

The  life-cycle  costs  of  a  future  fleet  of  attack  helicopters  equipped  with  regenerative 
engines  can  be  lower  than  with  conventional  engines.  This  holds  true  in  spite  of  higher 
development  and  production  costs  of  regenerative  engines,  if  the  present  trend  of  growing 
fuel  costs  continues. 

Finally,  the  problems  which  will  have  to  be  overcome  are  adequately  described. 


Symbols 


H 

m 

altitude 

M 

kg/s;  kg/h 

mass  flow 

P 

kW 

power 

P 

bar 

pressure 

R 

- 

pressure  ratio 

SFC 

specific  fuel  consumption 

T 

K 

temperature 

V 

m3 

heat  exchanger  matrix  volume 

W 

kg 

weight 

e 

- 

heat-exchanger  effectiveness 

9> 

kq-Vir 
s*  bar 

M  * 

reduced  mass  flow  t 

Pt 

Abbreviations 

or  indices 

c 

compressor 

F 

fuel 

HE 

heat  exchanger 

IRS 

infrared  suppressor 

LCC 

life-cycle  costs 

t 

total 

*The  investigation  was  sponsored  by  the  Ministry  of  Defence  of  the  Federal  Republic 
of  Germany,  ZTL  No.  MTU  1 . 20 
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1  .  I  iitruduct  ion 


Advanced  attack  and  transport  helicopters  will  require  greater  installed  power 
than  conventional  helicopters  with  the  sanv>  take-off  weight,  because  oi  more  string¬ 
ent  requirements  as  to  their  maximum  flight  speed  and  manoeuvrability.  With  twin- 
engined  helicopters,  moreover,  in  the  event  of  failure  ol  one  engine  at  low  altitude,  the 
hellcoptei  must  have  a  high  probability  of  being  landed  safely  by  the  provision  oi  a  high 
emergency  power  witli  quick  response  char  actor i st ics  of  the  other  engine.  The  high  power, 
which  has  to  be  installed  ioi  these  reasons,  means  that  foi^the  major  part  of  the  mission 
the  engines  will  operate  in  the  low  part-load  range.  Fig.  (T)  shows  the  requirements  of 
an  attack  and  a  transport  helicopter. 

With  conventional  helicopter  engines,  the  low  part-load  range  signifies  operation  with 
unfavourable  specific  fuel  consumption  for  a  large  part  of  <‘he  mission.  In  contrast, 
this  is  highly  convenient  for  an  engine  equipped  with  a  heat  exchanger,  which  attains 
its  minimum  specific  fuel  consumption  at  roughly  medium  part  load.  Taking  an  attack 
helicopter  as  an  example,  an  investigation  is  made  into  what  design  data  are  optimal 
for  an  engine  fitted  with  heat  exchanger  and  into  how  the  heat  exchanger  must  be  de¬ 
signed  and  laid  out,  in  order  to  achieve  an  improvement  over  a  conventional  engine 
with  regard  to  lowest  possible  overall  weight  (weight  of  engine  plus  weight  of  mission 
fuel).  In  addition,  the  life-cycle  costs  of  the  engine  with  heat  exchanger  are  con¬ 
trasted  with  those  of  a  conventional  engine,  and  the  two  engines  are  compared  concer¬ 
ning  their  necessary  installation  cross-section  and  installation  length. 


2,  Optimization  of  the  engine  design  data 

Fig.  (2)  shows  the  specific  fuel  consumption  at  the  design  point  and  at  46%  load  (cor¬ 
responding  to  the  mean  power;  see  Fig.1)in  relation  to  the  design  pressure  ratio. 

For  the  engine  without  heat  exchanger  (reference  engine),  the  turbine  entry  temperature 
at  the  design  point  is  1400  K.  A  somewhat  higher  turbine  entry  temperature  of  1430  K 
was  assumed  for  the  engine  with  heat  exchanger  (regenerative  engine)  but  this  has  still 
to  be  explained.  Accordingly,  a  maximum  compressor  pressure  ratio  of  12.5  is  the  opti¬ 
mum  for  the  engine  without  heat  exchanger,  both  at  part  load  and  full  load.  The  same 
pressure  ratio  for  the  regenerative  engine  with  50  -  70%  heat  exchanger  effectiveness 
also  leads  to  the  minimum  specific  fuel  consumption  at  part  load.  Hence  it  is  reason¬ 
able  for  an  engine  of  this  power  class  (P  =  900  kW)  to  select  the  same  compressor  press¬ 
ure  ratio  as  in  the  reference  engine. 

The  course  of  different  temperatures  and  of  the  power  turbine  capacitv_at  part  load,  im¬ 
portant  for  the  control  of  the  regenerative  engine,  is  shown  in  Fig.  (T)  .  Also  given  are 
the  corresponding  values  of  the  reference  engine,  which  are  influenceaby  the  pilot's  lever 
only.  Whereas  the  turbine  entry  temperature  in  the  reference  engine  falls  at  part  load  the 
turbine  entry  temperature  of  the  regenerative  engine  is  held  constant  right  down  to  37% 
load  with  the  aid  of  a  two-stage  variable  power  turbine.  The  turbine  entry  temperature  is 
reduced  below  37%  load  bearing  In  mind  the  uncooled  power  turbine.  In  addition  to  a  favour¬ 
able  specific  fuel  consumption  at  part  load,  this  control  ensures  that  the  mean  temperatu¬ 
re  Of  the  compressor-turbine  blades  (the  characteristic  of  the  mean  blade  temperature  of 
the  first  stage  is  represented)  decreases  by  about  50  K  between  full  load  and  20%  power. 
Similarly,  the  mean  temperature  of  the  heat-exchanger  matrix  in  this  power  range  remains 
virtually  unchanged,  which  means  that  the  heat  content  of  the  heat-exchanger  matrix  changes 
only  slightly.  This  results  in  the  heat-exchanger  matrix  not  giving  rise  to  any  thermal 
hysteresis  during  a  deceleration  or  acceleration  phase. 

The  turbine  entry  temperature  was  set  with  regard  to  the  particular  requirements  of  the 
attack  helicopter  mission,  with  consideration  being  given  to  the  widely  different  thermal 
operating  behaviour  of  the  engines  witn  or  without  heat  exchanger.  Fig.  (T)  shows  the  de¬ 
sign  parameters  relevant  to  'the  permissible  turbine  entry  temperature.  The  virtual  avoidan¬ 
ce  of  operational  "thermal  cycles"  as  a  result  of  the  "isothermal  operation"  in  the  case  of 
the  regenerative  engine  allows  an  increase  in  maximum  turbine  entry  temperature  in  compa¬ 
rison  with  the  reference  engine.  On  the  other  hand,  the  longer  operating  time  at  approxi¬ 
mately  constant,  i.e.  higher,  turbine  entry  temperature  in  case  of  the  regenerative  engine 
results  in  a  reduction  in  the  acceptable  creep  life.  As  a  consequence,  an  additional  30  K 
in  favour  of  the  regenerative  engine  may  be  claimed  for  the  same  lifetime. 

Fig,  (5)  shows  the  specific  fuel  consumption  at  the  design  point  and  part  load  for  the  re¬ 
ference  engine  and  the  regenerative  engine.  The  compressor  pressure  ratio  of  both  engines 
at  the  design  point  is  12.5;  the  turbine  entry  tempo atuie  of  the  reference  engine  1400  K 
and  that  of  the  regenerative  engine  1430  K.  The  heat  exchanger  effectiveness  was  varied 
between  50  and  70%.  The  significant  improvement  in  the  specific  fuel  consumption  of  the 
regenerative  engine  relative  to  the  reference  engine  in  the  predominant  mission  power 
range  is  apparent.  With  the  above-mentioned  heat  exchanger  effectiveness  the  improvement 
lies  between  20  and  30%  at  medium  power. 


3.  Heat  exchanger  selection  and  optimization 


In  the  selection  of  the  heat  exchanger  particular  attention  was  paid  to  the  exchanger’s 
frontal  area  with  regard  to  the  arrangement  of  the  heat  exchanger  behind  the  engine  and 
the  requirement  not  to  increase  the  engine's  maximum  cross  section. 


Fig.  ((T)  shows  a  sketch  of  the  recuperators  under  consideration  {tube,  profile  and  plate- 
fin  heat  exchanger)  to  explain  the  arrangement  and  the  flow  pattern.  The  profile  heat  ex¬ 
changer,  undergoing  development  at  MTU,  is  derived  from  the  tube  heat  exchanger.  Both  re¬ 
cuperators  have  a  2-pass  cross  countevflow  arrangement  in  contrast  to  the  counter  flow  type 
plate-l  in  recuperator  .Tl'hc  required  matrix  volume,  matrix  weight,  lrontal  area  and  length 
are  compared  in  Fig.  Qj  for  a  heat  exchanger  effectiveness  ol  60%  and  a  total  pressure 
loss  within  the  matrix  (air  and  gas  side)  of  7%.  Worthy  of  mention  is  the  low  matrix 
volume  of  the  profile  heat  exchanger.  This  applies  to  both  the  net  and  gross  volume  (the 
gross  volume  Includes  the  space  required  for  ducting  air  to  and  away  from  the  heat  ex¬ 
changer)  .  The  matrix  weight  of  the  three  recuperators  under  consideration  Is  practically 
tire  same,  whilst  the  profile  heat  exchanger  has  the  smallest  frontal  area.  (For  defining 
tnc  frontal  area  It  should  be  mentioned  that  the  flow  area  in  front  of  the  heat  exchanger 
corresponds  tc  the  free  flow  area  available  inside  the  heat  exchanger  matrix  (gas  side).) 
With  regard  to  installation  length,  the  profile  heat  exchanger  compares  very  well  with  the 
plate-fin  heat  exchanger.  A  great  advantage  with  the  profile  heat  exchanger,  on  the  other 
hand,  is  the  much  simpler  conductance  of  air  to  and  from  the  heat-exchangcr  matrix  in 
comparison  with  the  plate-type  model.  Finally,  because  of  their  design  (free  thermal  ex¬ 
pansion  of  the  U-tubes  or  U-profiles),  both  the  profile  and  tube  heat  exchanger  are  parti¬ 
cularly  suited  for  high  operating  tempera' ures  and  thermal  shocks,  whereas  the  plate-fin 
heat  exchanger  may  be  considered  sensitive  with  regard  to  local  temperature  differences  and 
thermal  shocks.  Therefore  for  purposes  ol  the  following  optimization  the  profile  heat  ex¬ 
changer  was  selected,  as  all-in-all  this  model  best  meets  the  requirements  for  favourable 
installation  in  a  helicopter  engine. 

The  optimization  of  the  profile  heat  exchanger  was  carried  cut  with  regard  to  minimal  over¬ 
all  weight  of  the  power  system  (engine  plus  heat  exchanger  plus  fuel  per  mission) .  The 
weight  of  the  required  infrared  suppressor  and  ducting  of  air  and  gas  to  and  from  the  heat 
exchanger  was  not  Included  as  variables  in  the  optimization  process.  From  earlier  investi¬ 
gations  it  was  known  that  these  weight  contributions  have  only  a  slight  influence  on  the 
optimization  of  the  heat  exchanger  dimensions.  Fig.  (s)  shows  the  matrix  weight,  engine 
weight  and  weight  of  fuel  required  for  a  mission  in  relation  to  the  heat  exchanger  effecti¬ 
veness.  The  weight  of  the  engine  was  matched  for  a  constant  design  output  of  900  kW,  with 
the  reference  engine  being  used  as  the  starting  point.  Computation  of  the  amount  of  fuel 
required  for  a  mission  was  based  On  a  typical  mission  characteristic  of  an  attack  helicop¬ 
ter.  The  range  in  weight  for  any  given  heat  exchanger  effectiveness  derives  from  various 
matrix  pressure  losses.  The  minimum  overall  weight  is  obtained  in  the  range  of  55  -  65% 
heat  exchanger  effectiveness. 


4.  Gas  temperature  at  the  engine  exhaust 


The  turbine  entry  temperature  of  the  reference  enjine  is  compared  with  that  oi  the  engine 
with  heat  exchanger  at  part  load  in  the  left-hand  half  of  Fig.  (?)  ,  based  on  Fig.  3.  The 
turbine  entry  temperature  Is  held  constant  over  a  wide  part-load  range  with  the  aid  of  a 
two-stage  variable  power  turbine.  In  the  part-load  range  this  control  leads  to  virtually 
constant  exhaust  temperature  downstream  of  the  infrared  suppressor.  In  contrast  to  the 
reference  engine,  for  mean  power  (46%  power)  this  gives  rise  to  an  increase  in  exiiaust 
temperature  downstream  of  the  IB  suppressor  of  35  K.  Accordingly,  with  the  precondition 
chosen  here  (same  full-load  exhaust  temperature  at  the  outlet  from  the  IR  suppressor)  no 
appreciable  difference  in  the  radiated  infrared  energy  is  to  be  expected.  However,  this 
takes  for  granted  that  the  heat  exchanger  assembly  is  very  efficiently  insulated  with 
simultaneous  saving  in  weight  as  opposed  to  heat  radiation. 


5.  Transient  behaviour 


A  further  advantage  of  the  design  with  variable  power  turbine  lies  in  the  reduction  in 
the  acceleration  time  of  the  gas  generator.  A  gas-generator  acceleration  time  of  1 .0  -  1.5 
seconds  can  be  attained  by  opening  the  power  turbine  fully  during  acceleration.  This  con¬ 
trasts  with  the  3.0  -  3,5  seconds  for  the  reference  engine.  At  the  same  time,  the  maximum 
turbine  entry  temperature  of  1430  K  at  steady-state  operation  is  not  exceeded.  Even  during 
acceleration  no  appreciable  change  in  the  temperature  of  the  hot  parts  occurs.  However,  it 
must  be  admitted  that  this  takes  for  granted  optimal  matching  of  the  compressor,  whose 
surge  margin  must  be  matched  to  the  position  of  the  operating  line  corresponding  to 
TET  =  const.  (The  operating  line  is  constant  for  steady-state  and  transient  conditions). 

From  the  point  of  view  of  pilot  safety  the  shortening  of  the  acceleration  time  of  the  gas 
generator  is  of  particular  importance  for  a  twin-engined  attack  helicopter  with  regard  to 
the  possible  failure  of  one  engine  at  low  altitude. 


6.  Design 


In  order  to  adapt  the  reference  engine  to  operation  with  heat  exchanger,  the  following 
design  modifications  in  addition  to  the  dimensioning  carried  out  for  comparison  pur¬ 
poses  were  required  (Fig.  ^0)  ): 

-  New  compressor  outlet  casing  with  four  connexions  for  ducting  air 
from  the  compressor  to  the  heat  exchanger. 

-  New  combustion  chamber  casing  with  four  tubes  for  ducting  hot  air 
from  the  heat  exchanger  to  the  combustion  chamber. 
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-  New  power  turbine  casing  required  by  the  Introduction  of  variable 
vanes  for  the  two-stage  power  turbine. 

-  New  gas  generator  turbine  bearing  housing. 

-  Slightly  modified  power-turbine  outlet  casing. 

-  Slightly  modified  power-turbine  rotor  involving  the  incorporation 

of  a  rotating  spacer  between  the  two  impellers  of  the  power  turbine. 

The  profile  heat  exchanger  used  is  of  V-conf iguration  and  is  suspended  in  such  a  manner 
as  to  permit  movements  caused  by  thermal  expansion  in  all  directions.  The  supply  ducts 
(4  in  each  case)  between  the  compressor  and  heat  exchanger  and  between  the  heat  exchanger 
and  combustion  chamber  are  provided  with  bellows  to  compensate  for  relative  movements 
between  the  turbine  and  heat  exchanger  casing. 

Both  engines  were  fitted  with  an  infrared  suppressor  to  fulfil  the  following  functions: 

-  To  block  the  view  of  hot  engine  parts, 

-  To  cool  the  visible  outer  exhaust  casing,  and 

-  To  mix  cold  air  with  the  exhaust  in  order  to  lower  the 
exhaust  gas  temperature  to  an  acceptable  value. 

Accordingly,  the  infrared  suppressor  |l]  in  question  consists  of  an  ejector  and  a  mixer, 
with  the  ejector  flanged  to  the  exhaust  or  heat-exchanger  casing  and  the  mixer  secured 
to  the  airframe.  The  ejector  has  four  distributor  no2zles  for  blowing  the  engine  exhaust 
gas  into  the  four  larger-area  ducts  of  the  mixer  simultaneously  mixing  it  with  cold  air. 
Efficient  cooling  of  the  partly  visible  outer  sections  of  the  mixer  offers  the  advantage 
to  manufacture  the  mixer  in  aluminium  for  low  weight. 

A  comparison  of  the  length  of  the  two  engines  reveals  an  approximately  400  mm  greater 
length  of  the  engine  with  heat  exchanger.  However,  as  far  as  the  maximum  cross  sections 
for  the  engine  cowling  are  concerned,  the  comparison  shows  that  when  Infrared  suppressors 
of  the  same  design  are  used  for  both  engines,  roughly  the  same  cross-sectional  dimensions 
for  the  installation  space  and  the  cowlings  are  required. 


7.  Overall  weight  of  the  power  system 


-  L 


The  citsoluts  fusi  consumption  3  function  cf 

engine  is  shown  in  Fig.  (Tj)  .  In  comparison  with  the  reference  engine  the  regenerative 
engine  shows  an  improvement  in  fuel  consumption  of  approximately  27%  at  medium  power. 


Fig.  (T2)  gives  a  tabulated  summary  of  the  overall  weight  of  the  reference  engine  and 
the  regenerative  engine.  The  approximately  28  kg  heavier  turbomachinery  section  of  the 
engine  with  heat  exchanger  is  attributable  to  the  following  differences  from  the  reference 
engine: 

-  Lower  specific  power  despite  higher  turbine  entry  temperature,  because 
of  greater  pressure  losses  [heat-exchanger  matrix,  ducts  to  and  from 
the  air  and  gas  sides). 

-  Lower  efficiency  of  the  variable  power  turbine. 

-  Actuation  system  weight  of  the  variable  guide  vanes  of  the  power  turbine. 

-  somewhat  lighter  Infrared  suppressor,  because  of  the  lower 
exhaust  temperature. 


Including  all  the  parts  making  up  the  heat-exchanger  assembly,  the  overall  weight  of  the 
power  system  comes  out  to  be  552  kg,  which  means  a  weight  saving  of  35  kg  in  comparison 
with  the  reference  engine. 


8,  Life-cycle  costs 


The  assumptions  made  when  estimating  the  life-cycle  costs  of  the  enqines  of  a  fleet  of 
helicopters  are  summarized  in  Fig.  (jj)  .  comparison  of  the  life-cycle  costs  was  made 
under  the  assumption  of  the  same  flight  performance  of  the  helicopters.  The  lower  take¬ 
off  weight  in  the  case  of  the  regenerative  engine  leads  to  a  reduction  of  the  installed 
power  and,  thus,  to  an  even  greater  reduction  in  the  overall  power  system  weight  than 
determined  in  section  7.  consequently,  a  total  reduction  in  the  overall  weight  of  the 
power  system  of  122  kg  is  attained  with  the  twin-engined  attack  helicopter.  Assuming  a 
similar  saving  in  the  airframe  weight  (including  the  rotor)  ,  this  leads  to  a  reduction 
in  the  take-off  weight  of  244  kg  (5.4%) . 

According  to  Fig.  (£4)  (left-hand  half),  for  250  flying  hours  per  year  and  distribution 
of  development  and  product  support  costs  over  1000  engines,  this  gives  an  increase  in  the 
life-Oycle  costs  o.'  4.4%  against  the  reference  engine  at  the  present  fuel  prices,  because 
of  the  considerably  smaller  quantity  of  fuel  per  mission  required  by  the  engine  with 
heat  exchanger  an  increase  in  the  fuel  price  of  more  than  roughly  60%  leads  to  lower  life- 
cycle  costs  of  this  engine  in  comparison  with  the  reference  engine.  Based  on  500  flying 
hours  per  year,  life-cycle  costs  of  the  regenerative  engine  are  always  lower  for  the  fuel 
price  range  under  consideration. 


The  right-hand  half  of  Fig. 14  further  shows  the  influence  of  the  development  and  pro¬ 
duct  support  costs  on  the  life-cycle  costs  with  distribution  over  a  greater  number  of 
engines.  For  250  flying  hours  per  year  and  at  current  fuel  prices,  an  advantage  with 
regard  to  the  life-cycle  costs  is  attained  for  the  engine  with  heat  exchanger  assuming 
a  production  figure  of  2000  engines. 


9.  Development  problems 


Decisive  for  the  successful  development  of  a  regenerative  engine  of  this  category  is  the 
effectiveness  of  the  heat  exchanger  and  its  thermal  and  mechanical  behaviour.  For  the 
reasons  given  in  section  3,  the  heat-exchanger  concept  selected  is  particularly  suited 
for  the  operating  conditions  in  this  case.  Further,  the  design  principle,  similar  to 
that  of  a  tube-type  heat  exchanger,  and  the  detailed  manufacturing  and  test  experience 
with  tube-type  heat  exchangers  under  comparable  operating  conditions,  give  good  reason  to 
expect  a  positive  course  of  development.  Special  emphasis  in  this  context  is  to  be  paid  to 
a  functional  design,  which  at  the  same  time  promises  minimal  production  costs. 

As  far  as  the  combustion-chamber  section  is  concerned,  the  hot  air  coming  from  the  heat 
exchanger  at  temperatures  of  up  to  900  K  signifies  considerably  greater  thermal  loading 
of  the  flame  tube  than  would  be  encountered  in  conventional  engines  of  this  class.  This 
circumstance  calls  for  an  accurate  flame-tube  structure  with  minimal  expansion  of  the 
flame-tube  surface.  Because  of  the  very  high  thermal  loading  even  the  injection  nozzles 
will  probably  have  to  be  cooled,  meaning  that  the  fuel  will  have  to  be  drained  off  after 
shutdown  of  the  engine. 

The  variable  stators  of  the  two-stage  power  turbine  call  for  a  high  degree  of  variability 
with  minimal  radial  clearances  of  the  vanes.  Here  it  will  be  appropriate  to  build  on  MTU's 
experience  witn  a  single-stage  variable  turbine.  In  the  case  of  the  two-stage  variable  tur¬ 
bine  it  will  be  necessary  to  guarantee  easy,  but  simultaneous  low-play  operation  with 
a  very  high  number  of  movements  in  particular. 

Finally,  the  regenerative  engine  requires  a  control  unit  which  permits  the  performance 
potential  of  the  engine  under  transient  and  steady-state  conditions  to  be  fully  utilized. 
Because  of  the  allocation  of  service  data,  described  in  section  2,  it  will  in  this  case 
be  necessary  to  combine  a  digital  control  unit  with  quick-reacting  sensors  in  such  a  way 
as  to  provide  for  a  favourable-cost  and  reliable  control  unit  design. 


10.  conclusions  and  evaluation  of  results 


From  the  above  mentioned  it  becomes  apparent  that  conventionally  designed  modern  turbo¬ 
shaft  engines  of  the  power  class  under  discussion  here  serve  very  we. i  as  the  starting 
point  for  developing  an  engine  with  heat  exchanger.  Admittedly,  this  is  true  only  when 
the  mean  power  of  the  engine  is  relatively  low,  as  it  is  in  the  case  Of  the  mission  of 
an  attack  or  transport  helicopter  for  example. 

It  may  be  concluded  from  the  determination  of  the  engine  life-cycle  costs  that  because 
of  higher  development  and  production  costs  turboshaft  engines  with  heat  exchanger  are 
the  more  advantageous,  the  greater  the  number  of  marketable  engines  of  a  single  model 
and  the  higher  the  annual  utilization  for  the  same  service  period.  From  the  economic 
point  of  view,  therefore,  at  least  for  the  time  being,  engines  with  heat  exchanger  with 
an  assumed  service  life  of  3750  hours  are  not  attractive.  However,  in  keeping  with  new 
requirements,  the  attack  and  transport  helicopters  presuppose  an  overall  running  time 
of  at  least  6000  hours,  corresponding  to  a  service  period  of  24  years.  This  means  that 
the  reduced  fuel  consumption  of  the  regenerative  engine  would  make  itself  much  more  felt. 
This  applies  ail  the  more  when  one  considers  that  we  shall  have  to  reckon  with  an  appre¬ 
ciable  increase  in  the  fuel  costs  in  the  long  run.  Over  and  above  this,  the  findings 
show  that  turboshaft  engines  with  heat  exchanger  promise  interesting  advantages  for 
helicopters  and  aircraft  built  in  greater  numbers  and  operated  over  longer  periods. 

The  very  good  acceleration  capability  of  the  engine  with  heat  exchanger  contributing 
significantly  to  safety  in  the  event  of  failure  of  one  engine,  is  of  interest  as  far 
as  the  twin-engine  attack  helicopter  flown  at  low  altitudes  is  concerned. 

There  are  no  obvious  advantages  of  the  regenerative  engine  over  the  reference  engine 
as  far  as  infrared  radiation  is  concerned. 

With  regard  to  the  installation  conditions,  despite  its  somewhat  greater  length,  the 
engine  with  heat  exchanger  is  not  expected  to  present  any  serious  disadvantages,  espe¬ 
cially  as  both  engines  have  practically  the  same  transverse  dimensions. 
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Fig,  2  Influence  of  Design  Pressure  Ratio 
cn  SFc  at  Maximum  and  Part  Power 


Referent*  Engine 
Regenerate  Engine 


H  =  0,ISA 


( K 1 


ai 

3 

Cl 

<u 

CL 

E 


1600 

1400 

1200 

1000 

800 

600 


^Itet 


^=f 


Mean  Blade  Temp. 

1 1 11  Rotor  Compr.  Turtl 


Mean  Matrix  Temp 


y  (Heat  Exchanger) 


<D 


Relative  Power  P/P0es,9n 


3  Influence  of  Power  Turbine  Flow  Capacity  Control  on  Important  Temperatures 
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Fig.  lO  General  Arrangement  of  Engines  Considered 
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Comparison  of  Fuel  Consumption  of  Engines  Considered 
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DISCUSSION 


H.Saravananiutto,  Ca 

Have  you  considered  the  expected  high  temperature  of  the  power  turbine  at  part  load? 

Author’s  Reply 

This  was  considered  with  the  turbine  temperature  being  reduced  at  loads  below  37  percent  of  maximum  power. 


H.Saravanamutto,  Ca 

Did  you  consider  the  deceleration  response  in  your  design  study? 


Author’s  Reply 

No  deceleration  problem  is  anticipated  because  of  the  nearly  constant  heat  exchanger  mean  matrix  temperature  at 
part  load  with  subsequently  constant  overall  content  in  heat  energy  (see  Figure  3). 


M. Hudson,  US 

Did  you  consider  the  rotary  heat  exchanger  in  your  design  and  could  you  tell  us  why  it  was  rejected? 

Author’s  Reply 

It  was  rejected  because  of  the  high  power  level  and  the  high  engine  pressure  ratio  as  well  as  potential  integration 
problems. 


W.  Schneider,  US 

In  reducing  the  power  to  40  percent  at  constant  cycle  temperature,  have  you  considered  the  compressor  surge 
problem? 

Author's  Reply 

Yes,  the  compressor  would  have  to  be  designed  with  an  appropriate  surge  characteristic. 


K.Rosen,  US 

Because  of  potential  drag  penalties,  did  you  parametrically  study  the  effect  of  increase  in  drag  on  increased  fuel 
consumption? 

Author’s  Reply 

No,  the  aircraft  geometry  remained  roughly  the  same  for  both  engines  because  of  their  nearly  identical  maximum 
cross  sectional  dimensions. 


Unknown  Questioner 

Could  you  comment  more  on  the  differences  in  weight  between  the  two  engines? 

Author’s  Reply 

As  shown  in  the  paper,  when  considering  the  reduced  mission  fuel  weight  for  the  regenerative  engine,  the  total 
weight  is  actually  less  than  that  of  the  reference  engine  (see  Figure  12). 
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HJ  Ml  CAT  ION  BREAKDOWN  BETWEEN  GEAR  TEETH 

by 

B.A.  Shotter  -  Chief  Design  Engineer  (Gears) 
Westland  Helicopters  Ltd.,  England 


Damage  to  gear  teeth  attributable  to  "lubrication  failure" 
is  an  important  failure  mode.  Though  much  has  been  written 
concerning  this  problem,  several  important  aspects  of  the 
damage  initiation  have  received  little  attention.  Detailed 
observations  of  the  early  stages  of  breakdown  suggest  that 
one  may  not  be  dealing  with  a  single  process*  hence  great 
care  is  necessary  when  drawing  conclusions  from  observing  a 
damaged  pair  of  gears. 

A  study  of  a  number  of  these  critical  areas  and  discussion 
about  others,  highlights  the  complexity  of  the  problem.  It 
is  only  by  fully  understanding  the  nature  of  the  problem, 
that  satisfactory  remedies  can  be  found. 


1 .  Introduction 


Since  many  thousands  of  words  have  already  been  devoted  to  thi3  subject  one  might  justifiably 
question  the  need  for  a  further  paper  with  a  general  title  of  this  nature.  The  examination  of 
failed  gear3  from  many  fields  of  operation,  not  only  aeronautical,  but  also  industrial,  automotive 
and  marine,  have  shown  characteristics  which  suggest  that  there  are  several  initiating  mechanisms 
involved.  The  subsequent  damage  may  develop  along  similar  lines  and  this  can  obscure  the  real 
cause  of  the  problem  unless  the  early  symptoms  are  observed  and  understood.  This  paper  hopes  to 
describe  some  of  the  various  initiation  processes  and  to  improve  the  general  understanding  of  the 
problem. 

2.  basic  Observations  of  Failed  Components 

2.1.  Position  of  early  stages  of  damage 

The  sequence  of  events  leading  up  to  major  damage  is  always  important  in  trying  to  prevent  such 
a  problem  recurring.  However,  there  are  inevitably  oome  cases  where  the  damage  has  progressed 
so  far,  that  it  is  no  longer  possible  to  trace  back  the  failure  to  its  true  origin.  The 
increasing  interest  being  shown  in  health  monitoring  techniques  could  well  lead  to  an  earlier 
awareness  of  damage  and  an  improved  ability  to  find  the  damage  initiation  areas.  (Kef.  l) 

When  looking  at  various  examples  of  lubrication  breakdown  a  lot  of  the  cases  can  have  their 
origins  traced  back  to  the  tooth  edges?  either  the  ends  or  the  tips.  One  example  of  this  is 
shown  in  Figure  1 .  Here  the  tip  of  a  spiral  bevel  gear  is  showing  markings  extending  down  the 
flank.  Whilst  t.hn  photograph  shows  these  nx*rkiiigo  quilt-  clearly,  tney  were  hardly  visible  in 
the  high  level  of  illumination  by  fluorescent  tubes  frequently  found  in  workshops.  It  was 
only  by  using  a  beam  of  light  at  a  very  shallow  angle  to  the  surface  that  these  markings  became 
so  obvious. 

Other  examples  are  found  where  the  early  damage  is  clearly  not  associated  with  the  tooth  edges. 
Here  it  is  important  to  consider  the  implications  of  other  factors  Sich  as  surface  finish  or 
surface  treatments.  Sometimes  breakdown  can  be  s* on  to  extend  away  from  3ome  lelatively  small 
surface  defect  such  as  a  small  pit  or  an  indentation  perhaps*  caused  by  a  piece  of  debris 
passing  between  the  teeth. 

The  significance  of  these  relatively  minor  markings  in  the  early  stages  of  damage  development 
may  be  modified  considerably  by  the  nature  of  the  gear  materials,  the  presence  of  common 
factors  between  the  tooth  numbers  of  meshing  gears  and  the  character  of  the  speed  and  load 
spectra . 

2.2.  Influence  of  time  on  initiation 


Whilst  physical  appearance  may  3how  the  regions  where  damage  has  been  initiated,  it  is  also 
important  to  know  when  it  started.  iVobably  the  commonest  time  of  initiation  is  during  the 
early  life  of  a  gear  set,  when  the  surface:;  are  still  changing  during  the  somewhat  ill- 
defined  process  of  "running-in".  Certainly  duririf  this  time, temperatures  will  tend  to  increase 
and  oil  viscosity  will  fall,  rendering  the  generation  of  hydrodynamic  oil  films  less  efficient. 
However , the  process  leading  to  breakdown  is  not  solely  related  to  the  progressive  loss  of  oil 
film  thickness  until  intimate  metallic  contact  is  established.  Frequently  there  appears  to  be 
a  sudden  collapse  to  failure,  though  the  oil  film  thickness  at  wnich  thin  happens  can  be  quite 
variable.  (lief.  2,  3) 
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Apart  from  oarly  life  failures  there  aro  many  oxaraplus  of  lubrication  breakdown  after 
prolonged  periods  of  running.  Sonic  of  those  can  bo  associated  with  an  interruption  in  lubricant 
supply;  usually  it  is  possible  to  find  evidence  of  heating  if  thia  has  occurred.  Kot 
infrequently  one  finds  new  oil  added  and  th  gears  allowed  to  ruti  on,  thus  polishing  on!  the 
evidence  of  healing  on  the  operating  flanka.  Put  careful  examination  of  the  edges  of  the 
contact  area  will  often  still  show  the  tell-talo  temper  colours  that  demonstrate  that  high 
temperatures  have  been  reached . 

Another  form  of  long  life  lubrication  breakdown  can  bo  associated  with  fatigue  of  the  notul 
surfaces.  This  lma  been  demonstrated  in  the  laboratory  where  sudden  scuffing  has  occurred 
on  surfaces  which  were  well  past  any  running-in  pliase  (Kef.  4).  Sometimes  on  gears  it  is 
possible  to  see  the  presence  of  fine  micro-pitting  ('fig.  2)  on  some  areas  of  the  teeth  where 
the  scuffing  damage  lias  not  obliterated  all  the  earlier  fatigue  damage.  However,  it  io  also 
possible  for  a  scuffed  surface  to  start  to  fail  by  fatigue,  30  it  is  important  to  find  out 
which  came  first.'  With  carburised  and  case  liardened  gear:;  it  seems  that  pitiing  after 
scuffing  is  most  commonly  associated  with  the  relatively  lightly  damaged  areas  mar  the  edges 
of  the  scuffed  aoneg. 

In  considering  when  a  particular  failure  occurred  it  is  important  to  distinguish  between  time 
and  life.  A  gear  which  hag  had  a  "life”  of  several  thousand  hours  could  suffer  lubrication 
breakdown  after  a  gearbox  overhaul.  Even  minor  disturbances  to  gear  alignment,  perhaps  due 
to  a  bearing  change,  can  initiate  a  failure.  Thia  is  particularly  common  when  there  is 
evidence  of  wear  on  the  teeth.  Slight  displacement  of  the  contact  area  can  cause  excessive 
local  loading  at  an  edgo  which  can  then  trigger  off  the  failure.  Other  gears  have  failed 
relatively  soon  after  standing  idle  for  a  long  period.  This  may  he  associated  with  corrosion 
damage.  Some  scuffed  gearg  that  liave  been  examined  have  shown  typical  corrosion  marks  on 
their  non-working  surfaces  although  the  flanks  were  too  damaged  to  positively  identify  any 
corrosion  as  the  initiation  3ite. 

2.3.  Additional  Observations 


Whilst  moot  failures  are  associated  with  the  contact  between  one  set  of  driving  tooth  surfaces 
and  a  corresponding  driven  set  only.  It  is  important  to  relate  these  together  correctly.  For 
instance  reassembly  of  two  gears  both  having  even  numbers  of  teeth  can  result  in  tooth 
surfaces  contacting  that  have  never  previously  run  together.  Any  gear  pairs  having  a  common 
factor  in  their  tooth  numbers  can  suffer  in  this  way. 

Whilst  load,  or  more  specifically,  high  local  loading,  can  be  responsible  for  initiating 
damage,  this  load  can  be  self  generated.  Gears  operating  with  very  low  backlash  can  start  to 
contact  on  both  flanks.  This  can  generate  more  heat  and  cause  the  gears  to  expand  thus 
imputing  even  more  load  on  the  teeth.  The  combined  effect  of  load  and  temperature  in  those 
circumstances  will  frequently  cause  lubrication  breakdown.  Thus  careful  observation  of  the 
nominally  unloaded  surfaces  may  provide  useful  evidence  to  explain  a  failure. 

It  is  still  possible  for  gears  to  pull  themselves  together,  even  when  relatively  large  backlash 
exists.  Thi3  can  occur  with  gears  having  virtually  all-addendum  driving  teeth,  the  explanation 
of  how  it  can  happen  is  given  in  Appendix  I.  However,  ooveral  cases  of  tooth  damage  have  been 
observed  where  the  only  explanation  seems  to  have  been  this  unusual  tendency  for  the  gear  teeth 
to  pull  into  mesh  with  one  another;  improbable  though  this  sounds  at  first. 

3.  Contact  Conditions 


3.1 .  General  Tooth  Contact  Geometry 

The  instantaneous  contact  between  conjugate  profile  gear  teeth  will  be  a  line.  For  Spur  gear 
pairs  this  is  always  a  straight  line  parallel  to  the  gear  axes.  For  helical  grars  this  line 
may  be  curved.  For  Involute  helicals  the  line  is  again  straight  but  is  now  inclined  through 
the  plane  containing  the  shaft  axes.  Gear  tooth  contact  stresses  are  defined  relative  to  a 
plane  normal  to  this  contact  line.  What  is  often  forgotten  is  that  the  area  of  one  tooth  is 
relatively  small  and  that  the  line  of  contact  has  to  stop  somewhere.'  (Fig.  3).  These 
discontinuities  can  have  quite  a  considerably  effect  on  the  local  stresses  at  the  end  of  the 
contact  line,  even  when  the  basic  tooth  alignment  is  perfect.  In  the  presence  of  manufacturing 
errors  the  peak  stress  near  the  end  of  the  contact  line  can  be  very  much  higher  than  the 
theoretically  calcu’  ited  value  for  the  basic  tooth  geometry. 

3.2.  Modified  Contact  Geometry 

The  fundamental  behaviour  of  a  line  contact  of  finite  length  lias  been  studied  in  connection 
with  roller  bearings  (Ref.  5).  To  alleviate  these  adverse  end  stress  conditions  special  end 
profiles  are  often  used  together  with  a  slight  barrelling  of  the  cylindrical  form.  The 
Involute  tooth  system  makes  some  attempt  to  provide  a  modification  to  the  edge  conditions  by 
introducing  "tip"  or  "tip  and  root"  relief.  Though  the  application  of  these  is  often  rather 
crude  in  concept. 
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Since  many  lubriean1.  bruakdowus  &ru  aaaoeiatod  with  the  tip  contact  conditions  of  cither  the 
pinion  or  the  wheel,  the  influence  of  tip  relief  on  .ouch  failurco  could  be  quite  significant 
(Ref.  6).  Whilst  it  iu  aociu times  recommended  that  the  ammount  of  tip  rulief  3hould  just 
equal  the  elastic  deflection  of  the  tooth,  experience  has  3hown  that  rather  more  relief  in 
usually  nectiHaary  to  prevent  the  contact  line  "falling  off"  the  edge  of  the  tooth.  Whilst 
some  improvement  is  found  with  increasing  relief,  major  benefits  seem  to  acrue  from  the  total 
containment  of  the  contact  line  within  the  flank  area.  Such  behaviour  seems  difficult  to 
account  for  on  thp  basis  of  contact  stress  alone  and  the  section  on  lubrication  contributes  to 
the  understanding  of  this  observation, 

3.3.  Edge  Geometry 

Whilst  tip  roliof  is  usually  applied  during  the  normal  manufacturing  process  producing  the 
tooth  flanks,  the  boundaries  of  these  surfaces  to  the  tooth  ends  and  tip  normally  receive  a 
separate  dressing  operation.  The  character  of  this  operation  and  the  nature  of  the  finish 
produced  can  significantly  modify  the  failure  characteristics  of  the  gears.  Thus , although 
such  operations  are  frequently  felt  to  be  relatively  unimportant , they  can  become  critical  to 
the  satisfactory  performance  of  some  gears. 

3-4.  Surface  Properties 

If  the  surface  finish  on  the  boundary  edges  is  important,  what  about  the  tooth  flank  itself? 
This  question  cannot  be  answered  in  isolation.  The  optimisation  of  surface  finish  on  gear 
teeth  is  a  problem  having  many  facets  and  the  answers  seem  to  vary  in  different  cases.  To  try 
to  define  the  characteristics  of  an  optimum  surface  is  itself  a  difficult  problem.  In 
consequence  all  that  i3  done  here  is  to  note  some  factors  of  significance,  but  not  to  draw  any 
hard  and  fast  conclusions  from  them. 

i)  A  surface  finish  "lay"  running  across  the  sliding  direction  can  be  beneficial  in 

interrupting  the  mini-welds  before  they  develop  into  larger  scale  damage.  There  are  also 
benefits  if  the  "lay”  runs  across  the  rolling  motion  direction  since  this  appears  to 
improve  the  lubrication  as  well  (Ref.  7). 

ii)  Surface  finish  amplitude  whilst  often  not  appearing  to  relate  directly  to  lubrication 
breakdown,  can  influence  behaviour  through  its  effect  on  operating  temperature.  It  has 
been  shown  that  high  initial  surface  roughness  can  result  in  higher  coefficients  of 
friction  on  run-in  surfaces  (Ref.  8.),  Tnus  if  increasing  temperatures  render  failures 
more  likely,  a3  will  happen  with  lubricants  operating  purely  on  a  viscosity  basis,  then 
smoother  initial  finishes  will  be  beneficial.  However,  many  oil  additives  become  more 
reactive  with  increasing  temperatures  and  thus  the  increased  operating  temperatures 
resulting  from  the  use  of  rougher  surfaces  can  have  beneficial  effects  in  some 
circumstances. 

iii)  The  presence  of  occasional  deeper  scratches  on  a  surface  can  have  a  disruptive  effect  on 
the  oil  film  generation.  Some  cases  have  been  seen  where  the  surfaces  adjacent  to  a 
scratch  ceemed  almost  on  the  point  of  scuffing.  Had  such  an  event  occurred,  it  would 
almost  certainly  have  obliterated  the  scratch  and  the  true  origin  might  never  have  been 
found. 

iv)  "Anti-Rcuf f ing"  treatments  can  have  conflicting  effects  on  the  surfaces.  For  eiample  a 
phosphate  treatment  produces  an  "anti-scuff"  film,  but  at  the  3ame  time  tends  to  increase 
the  surface  roughness  of  the  metal.  Cases  have  been  seen  where  the  protective  film 
appears  to  have  worn  off  with  time  and  then  scuffing  has  occurred,  but  only  within  the 
more  heavily  worn  area.  Other  gears  of  the  same  design  and  operating  under  similar  loading 
have  not  failed  when  the  depth  of  surface  etching  was  less. 

Another  problem  encountered  witli  a  phosphate  "anti-scuffing"  treatment  concerned  an  edge 
breakdown.  In  tni3  case  it  was  shown  that  the  "protective"  treatment  actually  made  the 
failure  worse.  So  that,  although  these  treatments  may  prove  satisfactory  in  some 
circumstances,  they  cannot  be  considered  as  a  universal  panacea  whenever  lubrication 
breakdowns  occur. 

4.  Lubrication 


4.1.  The  Lubricant 


Although  it  might  3ecm  to  be  a  fairly  probable  cause  of  lubrication  breakdown,  the  lubricant 
itself  is  only  one  link  in  the  load  carrying  chain,  and  major  improvements  in  load  carrying 
performance  can  usually  lie  made  without  resorting  to  oil  changes.  A3  mentioned  in  3.4.  (ii) 
the  two  main  factors  of  a  lubricant  are  its  viscosity  characteristics  and  its  chemical 
behaviour.  Higher  operating  temperatures  tend  to  make  one  more  dependent  on  the  chemical 
characteristics,  although  higher  speeds  need  oils  of  lower  viscosity  00  these  two  aspects  are 
not  necessarily  in  conflict.  However,  Macpher3on  has  shown  (Ref.  9)  that  the  scuffing  load 
of  giveg  oils  can  vary  significantly  with  temperature,  the  most  critical  region  being  in  the 
60  -  90  C  region.  This  seemed  to  demonstrate  an  inadequacy  in  the  development  process  of  the 
01I3,  since  operation  at  tnese  temperatures  is  almost  inevitable  during  some  periods  in  a 
unit3  life. 
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Whilst  trio  fundamental  properties  of  the  oils  are  important,  the  selection  of  an  oil  for  a 
given  gearbox  duty  will  depend  on  the  operating  character! utica  of  the  guars  within  it. 

Where  a  single  gear  pair  is  concerned.a  viscosity  can  usually  be  chosen  to  suit  the  pi  toll  line 
velocity  of  the  teeth.  When  several  reduction  stagoy  are  contained  in  the  same  gearbox  the 
problem  becomes  more  difficult,  oince  the  high  torque  low  opoed  output  stago  would  normally 
prefer  a  much  higher  viscosity  than  a  low  torque  high  speed  input  3tuge.  Thus  compromises 
are  necessary  and  they  can  show  up  in  any  lubrication  breakdown  effects  that  arc  noted.  With 
Military  equipment,  the  logistics  dumand  of  keeping  a  minimum  number  of  oil  types  can  also 
affect  the  selection  of  a  lubricant. 

4.2.  basic  Klastohydrodynamic  Lubrication  (e,h,l.) 

Since  the  majority  of  gears  in  use  are  Involute  the  argument  will  be  develoj»ed  around  the 
contact  conditiono  for  the  basic  Involute  gearing  system  although  the  concepts  can  be  adapted 
to  other  tooth  systems.  The  instantaneous  lin»*  of  contact  on  spur  gears  will  sweep  from  root 
to  tip  on  a  driving  gear  or  tip  to  root  on  tne  driven  member.  As  the  contact  moves  over  ths 
oil  wetted  surface,  an  oil  film  becomes  trapped  between  the  surfaces  due  to  the  high  viscosity 
that  develops  at  the  contact  pressures  existing  between  the  teeth.  3uch  conditions  have  been 
investigated  using  disc  machines  which  can  maintain  continuously  the  conditions  at  one  point 
during  the  action  of  two  teeth  (Kef,  10).  The  problem  with  gear  teeth  is  that  the  e.h.l. 
contact  has  to  start  and  finish  on  every  tooth. 

Let  us  first  consider  the  starting  process.  The  tip  of  the  driven  tooth  will  be  the  first 
point  to  be  contacted,  so  one  can  observe  the  distance  between  the  comer  of  this  tooth  and 
the  lower  flank  of  the  driving  gear.  As  the  distance  reduces  there  is  no  basic  reason  why  a 
significant  oil  film  should  develop.  It  is  only  when  a  contact  pressure  zone  starts  to  sweep 
over  the  surface  that  the  basic  requisites  for  generating  the  oil  film  can  be  found.  Thus  the 
initial  contact  has  to  tolerate  the  high  sliding  conditions  with  an  inferior  lubrication 
(Fig.  4a),  The  benefits  of  "tip-relief"  in  reducing  load  during  this  phase  are,  therefore, 
likely  to  interact  beneficially  with  the  e.h.l.  development,  process. 

Looking  now  to  the  way  in  which  the  contact  ceases  at  the  tip  of  the  driving  gear,  the 
geometric  conditiono  are  reversed  but  from  the  e.h.l,  point  of  view  the  action  is  significantly 
different.  The  high  contact  pressure  zone  exists  already  and  is  moving  towards  the  tooth  edge. 
The  film  thickness  is  generated  at  the  ingoing  edge  of  the  Hertzian  zone  and  the  radii  oi 
curvature  of  these  approaching  surfaces  together  with  their  velocities  towardo  the  conjunction 
will  influence  the  magnitude  of  the  film.  When  the  pressure  zone  becomes  very  close  to  the 
tip  the  effective  radius  of  one  surface  suddenly  becomes  very  small  and  causes  an  inferior 
lubricant  film,  this  again  at  a  point  where  high  sliding  velocities  exist  (Fig.  4b).  It  i3 
not  surprising  that  scuffing  can  start  in  such  areas. 

The  behaviour  at  surface  discontinuities  can  also  be  seen  where  a  relatively  deep  scratch 
crosses  a  surface.  Since  the  scratch  relieves  the  pressure  in  the  oil  film  development  process, 
it  acts  in  a  similar  way  to  the  tooth  edges.  The  amount  of  surface  interaction  adjacent  to 
the  scratch  edges  is  much  greater  than  on  the  rest  of  the  surface,  demonstrating  the  inferior 
oil  films  at  the  sudden  discontinuity. 

With  teeth  having  a  helical  form  the  instantaneous  contact  will  exist  as  a  diagonal  line  acros3 
the  tooth  flank.  Thus  the  two  ends  of  the  contact  line  coexist  with  the  start  and  finish 
conditions  already  described  for  spur  gears.  Although  the  central  portion  of  the  contact  zone 
can  be  generating  near  perfect  oil  films,  the  edge  discontinuities  are  still  the  regions  where 
lubrication  breakdowns  most-  frequently  occur.  Similar  behaviour  is  often  observed  on  spiral 
bevel  gears. 

4.3.  E.h.l.  at  the  ends  of  Helic  1  Gear  Contact  Lines 


Whilst  the  previous  section  referred  to  the  lubrication  conditions  at  these  points,  the 
situation  is  rather  more  complex  than  suggested  there.  The  oil  film  thickness  in  an  e.h.l. 
contact  i3  largely  determined  by  the  conditions  at  the  entry  to  the  contact  area.  For  a  line 
contact  this  is  fairly  simple  to  define.  The  entraining  velocities  of  the  surfaces  normal  to 
the  contact  line  and  the  radii  of  curvature  of  the  surfaces  in  the  same  directions  are 
relatively  basic  properties  and  easily  established  (Fig.  b).  What  about  the  ends  of  the 
contact  line  though? 

Firstly  the  contact  at  the  tip  of  the  driven  member  with  the  root  end  of  the  flank  on  the 
driving  tooth.  When  the  first  contact  between  these  teeth  occurs  it  is  only  a  point  right  at 
the  end  of  the  teeth.  What  velocity  is  to  be  used  under  these  c  ircun-stances?  As  far  as  thia 
end  of  the  contact  line  is  concerned  it  is  sweeping  across  the  facewidth  with  a  velocity  far 
faster  than  the  sweep  velocity  of  the  subsequently  developed  line  up  the  tooth.  The  effective 
radii  of  curvature  in  this  direction  are  also  larger.  Thus  this  end  of  the  contact  line  can 
operate  under  conditiono  attempting  to  improve  the  local  oil  film  thickness. 

At  the  other  end  of  the  contact  line,  however,  the  conditions  are  very  different.  The  sweep 
velocity  of  this  end  across  the  tooth  iB  virtually  the  same  as  the  other  end  of  the  contact 
line,  but  here  this  cannot  help  to  generate  an  oil  film.  At  thi3  end  the  film  thickness  is 
predetermined  by  the  entry  conditions  of  the  line  contact  and,  as  already  shown,  these  tend  to 
be  less  effective  at  this  point. 


10-5 


Diagramatically  he  relative  film  generation  is  shown  in  Figure  6  *  Thus  even  when  reasonable 
attention  is  giv.n  to  the  load  discontinuity  effects  at  the  onds  of  the  contact  line,  there  still 
exists  an  imbalance  in  the  scuffing  tendencies  at  these  points.  Certainly  damage  seems  to  start 
at  the  exit  end  rather  more  frequently  than  the  entry  end. 

4.4.  Lubricart  Supri.y 

Whilst  tooth  geometry,  torque  loading  and  speed  all  affect  the  onset  of  failure  in  a  relatively 
predictable  manner,  the  provision  of  an  cptimised  lubricant  distribution  over  the  tooth  surface 
is  far  more  uncertain.  The  lubricant  serves  two  distinctly  separate  functions.  It  produces 
the  film  separating  the  metallic  surfaces,  but  it  also  serves  to  Udiisfer  thermal  energy  from 
the  gears.  In  many  cases  the  majority  of  the  oil  is  required  for  the  second  function.  However, 
excessive  quantities  of  lubricant  can  generate  heat  as  "churning  losses".  These  increase 
rapidly  with  speed  and  it  is  usually  found  that  dip  lubrication  becomes  unsatisfactory  above 
20  m/s  pitch  line  speed  unless  special  steps  are  taken.  Lubrication  breakdowns  can  be 
aggravated  either  by  excessive  temperature  in  the  presence  of  adequate  quantity  of  lubricant  or 
by  an  inadequate  supply  of  lubricant  which  can  lead  to  higher  temperatures.  Distinguishing 
between  these  is  not  always  easy.  The  temperature  distribution  on  the  gear  case  can  sometimes 
be  helpful. 

One  example  where  the  wrong  conclusions  were  made  involved  a  low  ratio  bevel  gearbox.  The 
gears  were  relatively  small  in  large  casing  and  sliding  speeds  were  low.  a  reasonably  low 
pitch  line  speed  was  consistent  with  the  dip  lubrication  used.  Because  of  the  large  casing, 
oil  picked  up  by  the  dipping  gear  was  thrown  to  the  casing  walls  and  under  cold  conditions  the 
gear  mesh  could  be  starved  of  oil.  Assuming  that  the  oil  properties  were  inadequate  for  the 
duty,  an  even  higher  viscosity  oil  was  used  which  made  matters  worse'  Finally  the  gears  were 
given  a  baked-on  Molybdenum  Disulphide  treatment,  which  cured  the  immediate  failure 
symptoms,  but  damage  still  occurred  later  in  the  equipment  life.  Although  excessive  space  was 
fundamentally  the  cause  of  the  problem  in  this  case,  more  problems  are  usually  caused  by  a 
lack  of  space.  Uniform  clearances  around  the  tip  circles  may  look  nice  on  a  drawing  board, 
but  they  can  make  it  difficult  for  oil  to  get  away  from  a  gear  rim  and  thus  cause  increased 
churning  losses. 

With  higher  speed  gears  the  lubrication  is  usually  by  means  of  jet3.  The  position  of  failure 
initiation  relative  to  the  jet  can  be  significant;  on  larger  facewidth  gears,  twin  jets 
applying  the  same  oil  quantity  can  be  successful  where  a  single  jet  system  has  failed.  However, 
the  windage  around  the  high  speed  gears  can  break-up  an  oil  jet  and  although  it  nay  be 
pointing  in  a  certain  direction  this  is  no  guarantee  that  it  will  strike  the  gear  in  that 
position.  Somecimes  local  wind  deflectors  can  be  beneficial  in  preventing  such  disruption. 

Often  the  oil  velocity  leaving  a  jet  is  lower  than  the  pitchline  vpIoc  y  r>b  the  teeth.  In 
ouch  casco  it  can  seem  improbable  that  the  oil  would  ever  reach  the  ix  s  of  the  teeth  (Ref.  1 1 ) . 
However,  contact  with  one  gear  can  accelerate  the  oil  and  thereby  enable  it  to  enter  the  tooth 
space  if  the  opposing  gear  rather  more  easily  than  might  be  expected. 

Frequently  oil  droplet3  are  ricochetting  between  the  casing  and  the  gear  many  times;  each  cycle 
transferring  a  little  thermal  energy  to  the  casing.  Such  a  process  is  the  explanation  of  why 
sometimes  it  is  found  better  to  direct  oil  jets  on  the  outgoing  side  of  the  mesh.  When 
directed  to  the  inlet  side  it  i3  possible  for  the  tooth  action  to  move  the  oil  to  the  side  of 
the  gearbox  and  not  to  generate  a3  effective  a  spray  to  promote  the  thermal  interchange. 

Lubrication  failures  can  sometimes  be  initiated  during  the  starting  cycle.  If  the  equipment  has 
stood  for  3omf'  time,  very  little  oil  will  he  left  on  the  teeth.  Should  the  start-up  acceleration 
be  very  high,  it  is  quite  possible  for  high  torques  to  be  developed  before  the  gears  have  made 
a  complete  revolution.  Thus  some  teeth  may  experience  almost  unlubricaced  operation.  Subsequent 
revolutions  in  the  lubricated  state  may  not  bo  able  to  prevent  the  damage  growing  since,  in  the 
cold  state,  the  chemical  activity  of  the  audi lives  can  be  very  low. 

As  can  be  seen  there  are  many  possibi lit ies  for  the  lubricant  supply  to  influence  the  operating 
properties  of  the  teeth,  ’..lien  problems  arise  there  are  usually  a  lot  of  possible  alternatives. 

A  careful  analysis  of  the  evidence  can  often  help  to  cure  the  trouble  with  the  minimum  amount 
of  change  to  the  system, 

b.  Conclusions 

Whilst  criteria  exist  for  assessing  some  potential  lubricant  failure  conditions,  thej.e  are  many  other 
significant  factors.  Because  of  this  it  is  questionable  whether  these  c aleulations  serve  a  really 
useful  function.  Apparant  limits  found  in  one  application  can  be  significantly  exceeded  in  others. 

It  is  important  to  recognise  that  there  are  a  lot  of  possible  initiation  mechanisms  and  not  to 
attribute  all  lubrication  breakdowns  to  the  same  cause. 

Improved  reliability  will  only  be  achieved  by  recognising  the  different  factors  that  can  cause  failures 
and  ensuring  that  all  these  factors  are  given  due  consideration.  When  striving  to  improve  the  load 
capacity  of  gear  systems  it  is  inevitable  that  failures  will  occur.  Only  if  the  true  origin  of  a 
failure  in  recognised  will  it  be  possible  to  successfully  modify  future  designs  so  that  higher  loads 
can  be  achieved. 
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EFFECT  OF  FRICTION  AT  THE  TOOTH  CONTACT  ON  THE  TOOTH 
NORMAL  FORCES  AND  SEPARATING  FORCES 

Consider  initially  an  elemental  tooth  flank  surface  under  static  or  zero  friction  conditions  as  shown 
in  Figure  Al  (a).  A  given  tangential  force  I/p  is  required  from  the  gear.  To  produce  this,  a  normal 
load  L(j  will  have  to  act  on  the  surface  which  is  inclined  at  a  pressure  angle  OC  .  This  will  al3o 
cause  a  separating  force  Lg  acting  redial ly. 

Thu3  LN  =  Lj.  or  Ln  =  1  ( 1  ) 

cos  <X  Lp  cos  0,1 

and  Ls  =  Lp  tan  PC  or  Lg  =  tan  Of  (2) 

Lp 


If  now  one  introduces  a  frictional  effect  at  the  contact  as  in  Figure  Al  (b)  due  to  the  upward 
movement  of  the  contact  point,  then  components  Lpfj  and  LSfJ  will  result  from  the  Normal  load  as  in  the 
previous  case.  But  a  frictional  force  Lp  will  exist  in  the  plane  of  the  surface  where 

lF  =  ft-  % 

This  can  again  be  resolved  into  tangential  and  radial  directions  to  give:- 

LTF  =  Lp  sin  Oc. 
and  LSP  =  Lp  cos  oc 

Hence,  the  required  tangential  force  Lp  will  bo  given  by 

L*p  =  Lp;;  +  Lpp  —  L;;  cos  Of  +  L»,  sincC 

=  L;;  (co 3OC  +  yliC3inOC) 


or  Lj, 


(3) 


The  resultant  separating  force  L3  will  bo  given  by:- 

Ls  =  L3N  -  L3F  =  Lfi  3in 

=  Lj,  (sin  OC 


sin  OC 


-  /* 


cos  OC 


ybf  Lj,  coo  OC 
cosoC  ) 

(4) 


But  relative  to  the  tangential  load  Lp  one  ha3  to  combine  (3)  and  (4)  to  obtain 


L.1 

=  sin  OC  -  cos  OC 

(5) 

Lt 

cos  oc  +  sinOC 

The  results  of  equations  (3)  and  (b)  are  plotted  in  Figure  A2.  The  first  graph  shows  how  the 
increase  in  friction  tends  to  reduce  the  normal  tooth  loading.  The  constant  friction  curves  show 
minima  which  for  typical  lubricated  friction  co-efficients  will  be  below  most  working  pressure  angles. 
Hence,  increased  pressure  angles  will  cause  increasing  normal  tooth  pressures. 


The  separating  load  curves  show  intercepts  with  the  zero  axis  at  values  corresponding  to  the  minima 
of  the  normal  load  curves. 


Fig.5  Movement  of  the  contact  line  over  a  driving  helical  involute  tooth 
that  generates  the  oil  film 


Fig.6  Conditions  at  the  ends  of  the  contact  line  relating  to  oil  film  generation 
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DISCUSSION 

A.Jackson,  UK 

Could  you  describe  how  gearbox  life  might  be  improved  by  giving  attention  to  items  discussed  in  your  paper? 

Author’s  Reply 

If  there  is  a  lubrication  breakdown,  then  the  gearing  would  quickly  fatigue  and  fail.  However,  with  proper 
lubrication  without  breakdown,  its  life  could  be  infinite.  Other  factors  would  affect  the  real  life  of  the  gearbox. 
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ADVANCED  THANSMISSION  COMPONENT  DLVtLOPMhNT 


by 


Kenneth  M. Rosen  and  Harold  K.l'rinl 
Sikorsky  Aircraft 
N.  Main  Street 

Stratford,  Connecticut  06497 
USA 


SUMMARY 

Recently,  the  emphasis  in  helicopter  gearbc-x  development  has  concentrated  on  those 
design  innovations  which  will  permit  high  temperature  operation  at  increased  speeds 
without  degrading  strength  or  weight  goals.  Several  of  these  design  concepts  are 
discussed  in  this  paper,  one  avenue  of  investigation,  which  shows  promising  strength 
or  weight  advantages,  is  high  contact  ratio  gearing.  The  means  taken  to  obtain  a  high 
contact  ratio  tends  to  produce  an  inherently  weaker  tooth  and  reliance  must  be  placed 
on  the  multiple  load-sharing  feature  of  this  design  to  achieve  an  advantage  over  low 
contact  ratio  gears.  This  paper  discusses  the  appropriate  consideration  which  must  be 
addressed  in  the  design  stage  to  achieve  optimum  results.  To  provide  high  temperature 
capability,  two  (2)  UH-60A  helicopter  main  transmission  housings,  were  fabricated  from 
a  stainless  steel  alloy  to  replace  the  conventional  magnesium  alloy  casing.  Design 
details  and  fabrication  procedures  are  discussed. 


INTRODUCTION 

Gears,  in  one  form  or  another,  have  been  in  use  for  about  five  thousand  years  and  are 
almost  as  old  as  recorded  civili2ation.  The  discipline  of  gear  design  and  manufacture 
has  increased  in  sophi sti cafinn  at  an  accelerated  pace  throughout  history  and  has  now 
reached  a  level  of  development  where  it  is  not  unusual  for  a  typical  high  speed  turbine 
drive  pinion  to  experience  over  10  billion  contact  cycles  without  breakage  or  even 
serious  wear  after  five  years  of  usage. 

In  the  coming  decades  we  can  look  forward  to  further  advancements  in  all  aspects  of 
gearing  development,  with  increased  emphasis  placed  on  such  areas  as:  new  gear  mater¬ 
ials  with  increased  survivability  traits,  particularly  when  running  at  higher  tempera¬ 
tures  or  without  oil;  and  new  gear  designs  with  improved  dynamic  characteristics 
resulting  in  reduced  noise  generation. 

High  contact  ratio  gear-  ^CRG)  are  gaining  wider  acceptance  in  aerospace  designs 
specifically  because  of  beneficial  strength  and  noise  attributes.  One  possible  draw¬ 
back  inherent  to  this  configuration,  however,  is  the  fact  that  multiple  tooth  contacts 
are  necessary  to  gain  an  advantage  over  conventional  designs  consequently  excessive 
tooth  spacing  errors  must  be  avoided.  Accordingly,  special  attention  should  be  given 
not  only  to  the  fabrication  and  processing  of  HCRG  to  attain  ihe  highest  quality  gears 
possible  so  that  the  effects  of  random  tooth  errors  can  be  minimized,  but  also  to  the 
determination  of  load  sharing  among  the  contacting  teeth.  This  paper  presents  a 
systematic  approach  for  obtaining  the  tooth  loads  in  HCRG. 

The  analysis  presented  herein  is  based  on  the  work  conducted  by  the  Sikorsky  Aircraft 
and  Hamilton  Standard  divisions  of  United  Technologies  Corporation  in  support  of  a 
NASA-Lewis  HCRG  evaluation  program,  NAS 3  17859. 

Helicopter  gearbox  housings  have  traditionally  been  fabricated  from  cast  magnesium. 
Unfortunately  the  strength  of  this  material  deteriorates  rapidly  as  operating  tempera¬ 
tures  increase.  Additionally  magnesium  alloy  exhibit  relatively  poor  fatigue  strength. 
This  attribute  is  becoming  increasingly  important  for  support  structures  subject  to 
ground-air-ground  (GAG)  fatigue  loading.  The  results  of  a  program  to  evaluate  the  use 
of  a  fabricated  stainless  steel  housing  as  a  replacement  for  the  conventional  cast 
magnesium  is  presented. 


HIGH  CONTACT  RATIO  GEARING 

Among  the  goals  of  current  aerospace  research  and  development  programs  are  increased 
reliability,  and  power-to-weight  ratio  of  power  transmission  systems.  Considerable 
effort  has  been  directed  at  improving  the  performance  of  spur  gears  with  respect  to 
these  two  criteria.  This  effort,  however,  has  been  primarily  aimed  at  the  development 
of  new  gear  materials;  such  as  VACCO  X2,  Super  Nitralloy,  AISI  M-50,  and  CBS  600;  and 
advanced  manufacturing  methods;  such  as  high-energy-rate  forgings,  and  roll-formed 
gears.  Although  some  research  has  been  done  on  alternate  gear  tooth  forms  such  as  the 
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Wilhaber/Novikov  conformal  system.  Reference  (1),  the  profile  geometry  of  aerospace 
gearing  has  remained  basically  unchanged  over  the  years. 

One  possibility  for  improving  the  performance  of  spur  gears  that  is  gaining  wider 
acceptance  to  the  extent  that  is  is  beginning  to  be  used  with  increased  confidence,  is 
high  contact  ratio  gearing  ( HCRG ) .  Most  of  the  present  day  spur  gearing  operate  with  a 
contact  ratio  between  1.2  and  1.6  which  means  that  these  designs  have  a  point  in  the 
mesh  cycle,  or  along  the  line  of  action  (Figure  1),  where  one  tooth  must  take  the 
entire  load.  HCRG  is  herein  defined  as  any  gear  mesh  that  has  at  least  two  tootn  pairs 
in  contact  at  all  times,  i.e.,  contact  ratio  of  2.0  or  more.  See  Figure  2.  Because 
the  transmitted  load  is  always  shared  by  at  least  two  pairs  of  teeth,  in  this  configur¬ 
ation,  the  individual  tooth  loading  is  considerably  less  for  HCRG  than  for  present  low 
contact  ratio  designs.  HCRG,  however,  inherently  requires  gear  teeth  with  lower 
pressure  angles,  finer  diametral  pitches,  or  increased  working  depths  all  of  which  tend 
to  increase  the  tooth  root  bending  stress  per  individually  applied  load.  In  addition, 
it  would  be  expected  that  HCRG  would  be  more  sensitive  to  tooth  spacing  errors  and 
profile  modifications  because  of  the  multiple  tooth  contacts  and  attendent  load  sharing 
requirement. 
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Figure  I  Cine  of  Action  for  Involute  Tooth  Pair 


Figure  2a  Conventional  Tooth  Design 


Figure  2b  High  Contort  Ratio  Tooth  Design 


To  properly  design  and  evaluate  HCRG,  three  basic  analyses  are  required.  First  a 
static  analysis  is  necessary  to  calculate  primary  geometric  relationships,  theoretical 
contact  ratio,  relative  tooth  stiffnesses  or  compliance  values,  and  the  amount  of 
profile  modification  required  to  effect  a  smooth  transition  of  load  at  the  beginning 
and  end  of  tooth  contact.  A  system  dynamic  analysis  is  done  next  to  determine  either 
the  total  dynamic  load,  or  the  dynamic  incremental  load  accruing  as  a  result  of  random 
tooth  errors  and  tooth  deflections.  Finally,  a  stress  sensitivity  analysis  is  per¬ 
formed  on  the  gear  teeth  to  convert  the  tooth  loading  into  root  bending  and  contact 
stresses  so  that  these  can  be  compared  to  acceptable  design  levels.  This  last  proce¬ 
dure  is  beyond  the  scope  of  this  paper  but  is  adequately  covered  in  Reference  5. 
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Static  load  analysis 

In  any  design  situation  there  are  always  certain  apriori  restrictions  imposed  on  the 
designer  which  limits  his  choice  of  design  variables.  Among  these  may  be  gear  ratio, 
center  distance,  maximum  pinion  size,  available  tooling,  etc.  There  are  five  basic 
design  variables  which  should  be  considered  to  achieve  a  high  contact  ratio  design. 
The  choice,  however,  may  be  conveniently  narrowed  down  to  two  or  three  because  of  these 
prior  design  restrictions. 

The  contact  ratio  for  standard  involute  spur  gear  teeth  may  be  increased  by  any  of  the 
following  means: 

1)  Lengthening  the  line  of  contact  by  decreasing  the  angle  of  the  line  of 
action,  i.e.,  lower  pressure  angles. 

2)  Lengthening  the  line  of  contact  by  increasing  the  addendum  circle  of  one  or 
both  gears,  i.e.,  increased  working  depths. 

3)  Decreasing  the  normal  distance  between  adjacent  teeth,  i.e.,  finer  pitch  and 
increased  number  of  teeth. 


The  contact  ratio  of  a  pair  of  mating  spur  gears  is  calculated  by: 

mp  =  (t&y]Po]  -  Rbj+  AM^Ro’j  -  Rbj  -  AG  AM  C  sin  <t>  !/Pb 


(1) 


where 


mp 

— 

theoretical  profile 
contact  ratio 

Ro^ 

outside  radius  of 
driving  gear 

Rbx 

= 

base  circle  radius  of 
driving  gear 

Ro2 

outside  radius  of 
driven  gear 

Rb2 

= 

base  circle  radius  of 
driven  gear 

C 

= 

center  distance 

= 

pressure  angle 

Pb 

- 

base  pitch 

AG 

driving  gear  factor 
(1  for  external  gears) 
(-1  for  internal  gears) 

AM 

driven  gear  factor  (1 
for  external  gears) 

(-1  for  internal  gears) 

This  equation  can  be  rewritten  more  conveniently  in  the  following  form: 

mp  =  jVco ^  [AG yj (N,  sin <t> )’  +  4a;  (N,  +  a;>  +  AM yj (mg  N, sin *  )’  +  4a;  (mg  N,+  a|) 

-  (AG  +  AM  mg)  Nt  sin  ]  (2) 


where  =  number  of  teeth  in 

driving  member 

mg  =  gear  ratio  (mg  >  1) 

a]  =  one-pitch  addendum 

of  driving  member 

a!,  =  one-pitch  addendum 

of  driven  member 

It  is  obvious  from  equation  (2)  that,  for  design  purposes,  the  five  basic  factors  which 
can  be  varied  to  change  the  contact  ratio  are:  diametral  pitch,  number  of  teeth,  gear 
ratio,  gear  addenda,  and  drive-side  pressure  angle. 

While  a  higher  contact  ratio  can  be  obtained  by  increasing  gear  depth,  the  longer 
addendum,  if  extended  too  far,  can  create  problems  of  pointed  teeth  or  undercut  tooth 
flanks.  The  authors  suggest  that  a  topland  thickness  of  .25/Pd  is  a  practical  minimum 
for  case-hardened  HCRG.  A  tooth  with  less  topland  thickness  may  be  susceptible  to 
edge-chipping  and  breakage  due  to  through-carburization  at  the  tip.  Under  ordinary 
conditions,  undercut  teeth  are  also  unacceptable  because  of  reduced  beam  strength. 
Figures  3  through  6  show  contact  ratios  of  external  spur  gear  teeth  as  a  function  of 
pressure  angle,  addenda  modification  and  number  of  teeth.  The  possible  design  region 
is  limited  on  the  bottom  by  the  undercut  limitation  and  on  the  right  by  the  minimum 
topland  restriction.  These  graphs  show  that  the  chief  limitation  on  HCRG  of  low 
pressure  angles  is  from  undercutting.  For  hioher  pressure  angles,  the  contact  ratio  is 
limited  by  minimum  topland  thickness.  As  m  be  seen  from  Figure  6,  the  minimum 


top land  requirement  effectively  eliminates  gears  with  a  pressure  angle  of  ?5°  or  more 
from  consideration  for  high  contact  ratio  gear  design.  Figure  7  shows  that  the  contact 
ratio  is  also  virtually  insensitive  to  gear  ratio,  especially  for  ratios  above  2  0 
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%*" 3  Addenda  Modification  (aPd)  Figure  4  Addenda  Modification  (aPd) 


Figure  5  Addenda  Modification  (aPd)  Figure  6  Addenda  Modification  (aPd) 


Tooth  pair  compliance 

tfuth  °f  rloaded  sPur  gears  deflect  a  measurable  amount  which  is  usually  areater 
than  the  manufacturing  errors  in  the  gear  teeth  themselves.  The  effect  of  this  tooth 
deflection  is  the  same  as  that  of  profile  or  pitch  errors.  It  comprises  a  Sor  paS 
t  lS  at0atal  transralsslon  error  and  plays  an  important  part  in  ttu;  dynamic  action  of 
the  loaded  gear  teeth.  It  is  now  well  known  (Reference  2)  that  the  life^f  spur  dears 
can  be  prolonged  and  the  gears  made  quieter  by  making  a  profile  modification  to  the 
gear  tooth  to  account  for  this  tooth  deflection.  Calculation  of  ?ear  troth  defbrS! 
tions  on  loaded  gear  teeth,  therefore,  is  an  important  and  necessary  step  in  the  gear 
design  process.  ^  * 


The  elastic  deflection  characteristics  of  an  individual  gear  tooth  can  best  be  de¬ 
scribed  in  terms  of  a  gear  tooth  compliance  coefficient.  This  coefficient  is  defined 
as  the  relative  deflection,  measured  normal  to  the  tooth  profile  and  along  the  line  of 
action,  per  unit  force  applied  per  unit  gear  face  width.  Thus: 


where  C  is  the  dimensionless  tooth 
compliance 

E  is  the  modulus  of  elasticity 
i  is  the  normal  tooth  displace¬ 
ment  along  the  line  of  action 
F  is  the  tooth  face  width 
and  W  is  the  normal  tooth  load 

A  gear  tooth  loaded  by  a  concentrated  force  acting  normal  to  the  tooth  profile  and  in 
the  direction  of  the  line  of  action  is  subjected  to  tliree  distinct  types  of  elastic 
deformations.  These  are: 

1)  a  displacement  of  the  tooth  centeiline  due  to  bending  and  compressive  deflec¬ 
tion  and  to  transverse  shear  deflection-(cantileverl  beam  deflection) 

2)  a  local  surface  deformation  at  the  point  of  contact-(Hertzian  compression) 

3 )  a  rotation  and  shear  deflection  at  the  base  of  the  tooth  due  to  the  flexi¬ 
bility  of  the  supporting  structure- (foundation  effect) 

Analytical  expressions  for  determining  these  displacements  are  presented  below. 


Figure  8  Gear  Tooth  bending  Compliance  Model 
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Bending  deformation 

Figure  8  shows  the  gear  tooth  model  to  be  analyzed  for  bending  deflection  an  elastic 
beam  on  a  rigid  foundation.  A  force  W  is  imposed  on  the  tooth,  along  the  line  of 
action,  at  a  given  contact  position  on  the  tooth  centerline  defined  by  the  height  y-. 
above  the  base.  To  find  the  deflection,  j  ,  at  the  point  of  load  application  due  to 
the  bending  deformations  of  the  tooth,  the  external  work  done  by  the  force  W  is  equated 
to  the  sum  of  the  internal  energies.  Thus: 


where  referring  to  Figure  8 : 


dy 


M 

2 

N 

I 

A 

and  G 


W  cos$N  (yl  -  y)  -  bending 
moment 

W  cos#N  -  shear  load  component 
W  sin<sf!  -  radial  load  component 
1/12  Ft5  -area  moment  of  inertia 
Ft  -  cross  sectional  area 
E  -  shear  modules 
2(1  +  *') 


(4) 


Substituting  these  relationships  into  equation  (4)  and  simplifying,  yields  the  follow¬ 
ing  expression  for  tooth  bending  compliance. 


c,-  1*  oo.^|  [.2(1*.,  ,  <*> 


Note  that  the  tooth  thickness  t  is  a  complex  function  of  y,  and  encompasses  both  the 
involute  profile  to  its  point  of  tangency  with  the  fillet  and  a  portion  of  the  fillet 
itself.  The  integral  components  of  equation  (5)  cannot  be  readily  evaluated  in  closed 
form,  however,  the  equation  can  be  solved  quite  easily  using  numerical  methods  and  a 
digital  computer  to  the  desired  accuracy. 

Hertzian  compression 


To  calculate  the  Hertzian  deformation,  the  contacting  teeth  are  considered  as  loaded 
cylindrical  rollers.  Referrring  to  Figure  9;  P,  and  P2  are  the  equivalent  radii  of 
curature  of  the  profiles  at  the  point  of  contact.  Weber,  in  Reference  3,  developed  an 
expression  specifically  for  the  local  deformation  of  two  gear  teeth.  Both  teeth  are 
compressed  by  the  force  W.  It  is  assumed  in  this  derivation  that  the  compression  is 
from  the  point  of  contact  in  the  direction  of  the  applied  load  up  to  the  centerline  of 
the  tooth  as  indicated  by  the  dimensions  h,  and  h2 .  This  assumption  implies  that  the 
compression  extends  to  the  center  of  the  tooth  and  then  is  transmitted  as  a  transverse 
shear  force  to  the  rest  of  the  gear  body.  Based  on  this  assumption,  the  Hertzian 
compression  for  loaded  gear  teeth  of  the  same  material  is  given  by: 
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H 


2  W  (1-y 
*F  E 


+ 


(1-P)  ] 


(6) 


where 


b  =  V— —  — u-pj7 

’  X  F  E  Pi  +  Pj  '  ' 

the  half  width  of  the  band  of  contact. 

Note  that  b  is  also  related  to  the  Hertz  stress  oc  by 


p,+rt,  ^ 


The  tooth  pair  Hertzian  compliance  is  then 


(7) 


(8) 


(9) 


Note  that  b  in  equation  (9)  is  a  function  of  the  tooth  load  and  that  the  Hertzian 
compliance  is  thus  an  implicit  function  of  w.  The  solution  of  this  function  can  be 
accomplished  by  iterative  methods  coupled  with  evaluation  of  the  individual  tooth  loads 
developed  further  in  this  paper.  An  initial  value  of  Hertzian  stress  can  be  assumed 
and  the  corresponding  value  of  b  calculated  from  equation  (8). 


Foundation  f  1  qx i b i  1  i ti y 

The  deflection  of  the  tooth  at  the  load  point  due  to  deflection  and  rotation  at  its 
base  can  be  evaluated  by  treating  the  tooth  as  a  rigid  beam  built  into  an  elastic 
foundation  and  equating  the  deforming  work  done  by  the  load  W  to  the  internal  stress 
energies  of  the  support. 

Based  on  the  geometry  of  Figure  8  and  the  work  done  by  O'Donnell  (Reference  4)  in  the 
evaluation  of  influence  coefficients;  the  foundation  compliance  can  be  shown  to  be: 


CF 


c°s,$NU-|'>) 


16.67 ,y] ,»  2(l-2v)  y]  ^  4.82 

x  ltf  _(1-p)  ‘  tf  x 


tan 

27TTf 


(10) 


It  can  be  seen  from  this  equation  that  the  foundation  flexibility  is  primarily  a  func¬ 
tion  of  load  position  and  the  tooth  thickness  at  the  built-in  section.  The  location 
of  the  base  and  the  thickness  t„  is  conveniently  defined  by  a  fillet  angle  >p. 
O'Donnell  recommends  a  constant  value  of  approximately  75°  for  At  this  point  a 
question  arises  concerning  the  magnitude  of  ip  and  the  location  of  t  .  Cornell,  Ref¬ 
erence  (5),  takes  a  more  rational  approach  ana  calculates  the  value  Of  >_  which  maxi¬ 
mizes  the  total  deforming  work  (bending  +  foundation)  done  on  the  tooth:  Figure  10, 
reproduced  from  Reference  5,  shows  the  variation  of  fillet  angle  with  load  position 
and  fillet  radius  to  obtain  maximum  beam  flexibility.  It  can  be  assumed,  then,  that 
the  fillet  angle  should  not  be  considered  a  constant,  but  varying  with  load  position. 
Using  the  above  procedures,  and  an  iterative  routine  to  locate  the  position  of  maximum 
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flexibility,  the  support  compliance  can  be  calculated  for  any  position  along  the  line 
of  action. 


Figure  9  Gear  Tooth  Hertz  Compliance  Model  Figure  10  Fillet  Angle  for  Maximum  Flexibility 

vs  toad  Point  from  Filler 

Total  tcoth  pair  compliance 

The  total  tooth  pair  compliance  can  now  be  found  as  a  function  of  load  position  from 
the  initial  point  of  contact  to  the  final  point  of  contact.  The  total  compliance  is 
the  sum  or  the  individual  compliances. 

CT  "  CB1  +  CB2  +  CH  +  CF1  +  CF2  (11) 

Thus  the  total  compliance  that  exists  at  any  phase  of  tooth  engagement  can  be  formu¬ 
lated  xeaaiiy  for  a  single  pair  of  meshing  teeth.  The  compliance  curve  will  be  concave 
upward  showing  a  characteristic  stiffening  of  the  tooth  pair  near  the  pitch  point.  For 
a  gear  ratio  or  unity,  the  compliance  curve  will  be  symmetrical  about  the  pitch  point. 
For  other  ratios,  the  complian  e  at  the  tip  of  the  larger  gear  of  the  tooth  pair  will 
be  smaller  than  the  compliance  at  the  tip  of  the  smaller  gear. 

Static  load  sharing  in  multiple  contact  teeth 

In  HCRG,  the  transmitted  load  is  shared  by  two  or  more  teeth.  To  properly  design  these 
gears,  the  proportionate  load  sharing  between  the  loaded  tooth  pairs  must  be  determined 
with  some  degree  of  accuracy. 

A  typical  compliance  curve  for  a  HCF.C  design  with  a  contact  ratio  of  2.32  would  be 
shown  in  figure  11.  The  non-dimensional  compliance  is  plotted  as  a  function  of  the 
normalized  position  of  the  contact  point  along  the  line  of  action.  Referring  to  Figure 
11,  the  tooth  pair  engage  at  a  and  disengage  at  f.  Since  the  actual  distance  between 
these  two  points  is  the  length  of  the  path  of  contact,  the  normalized  distance  af  is 
numerically  equal  to  the  contact  ratio. 

Assuming  that,  at  a  particular  point  in  the  mesh  cycle,  there  are  three  tooth  pairs  in 
contact;  and 


wl' 

V  w3  > 

= 

the  normal  loads  on  the  successive  tooth  pairs 

cr 

C2 '  C3 ' 

= 

the  mesh  compliance  of  the  tooth  pairs  at  the  positions 
taneous  contact 

of  simul- 

ei ' 

e2 ' 

e3 ' 

unloaded  relative  position  error  of  Che  mating  teeth  at  points  of 
contact.  (a  positive  value  indicates  a  gap  and  a  negative  value 
denotes  an  interference) 

V 

f2 ' 

*3' 

amount  of  profile  modification  at  the  specific  points  of 
positive  value  or  zero) 

contact  (a 

Note  that  subscripts  1,  2,  and  3  refer  to  the  first,  second  and  third  tooth  pairs  in 
contact,  each  separated  by  one  base  pitch. 

When  multiple  tooth  pairs  are  in  contact,  the  total  transmission  error  at  each  contact 
point  must  be  equal  to  avoid  interference.  Equating  this  transmission  error  of  each 
contacting  tooth  pair,  we  have  for  three  pair  contact: 
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E  F 


+  <»,  +  «,« 


W1C1 
E  F 


+  e,+  v 


+  e,+  e, 


(12) 


also  note  that 

W1  +  W2  +  W3  =  WN'  t*ie  tota^  norma^  trananitted  load. 

Solving  these  equations  for  the  individual  tooth  loads  we  get 


WfAC,-  E  F  [(  e,  +  t,)  (  C  4-  C,)  -  (  e^  +  fjlC,  -  (  e3  +  t3)Ca] 
C,Ca  +  C,Cj+  C  Cj 


(13) 


W,  = 


WnCiCi-  E  F  [(  ea  +  fa)  (  C,  +  Ca)  -  (  e,  +  ts)C,  -  (  ei  +  f|)Ca] 
C,Cj-i-  C,Cj+  CjCj 


(14) 


W,  = 


WftCjCa-  EJF  [(  ea+gj)  (  Ci  +  Ca )  ~  (  ei  +  et)Ca  -  (  e3+ca)Ci] 

CjCj+  CiC^-t-  CjCj 


(15) 


Similar  equations  can  be  derived  for  the  zones  of  two-pair  contact.  The  results  are: 


,,  -  WNCa-  F  F 

[(  e,  +  e.)  -  (  e,+  e,)] 

/ 1  C\ 

c,+  ca 

_  WnC.-EF 

[(  e3+fa)  -  (  e,  +  *i) ] 

(17) 

"2 

C,+  c» 

These  equations  allow  one  to  calculate  the  individual  static  tooth  loads  at  any  nest; 
position  whan  the  compliance,  error,  and  profile  relief  relationships  are  known. 


Figure  II  Tooth  Pair  Compliance 


Assuming,  for  example,  that  the  teeth  are  unmodified  and  the  tooth  profiles  are  perfect 
involutes,  the  tooth  load  distribution  on  an  individual  tooth  can  be  calculated  as  it 
proceeds  through  mesh.  For  the  case  cited; 


For  the  3  pair  contact  zone; 


W  AJ  „  C»C» 

"»/wn  c,c,+  c,c,+  c,c, 

CiC, 


w,/wN 

W,/WN 


CjCj+  C,C3+  CjC, 
Ctca 

^(02+  C2CJ 


and  for  the  two-pair  contact  zone; 


W,/WN 

w2A>n 


Cl 

C.+  c, 

_Ci_ 
C,+  C, 


1  i-y 

(18) 

(19) 

(20) 

(21) 

(22) 


Using  these  relationships,  the  tooth  load  distribution  on  an  individual  tooth  can  be 
plotted  showing  the  variation  in  load  as  the  contact  moves  along  the  line  of  action. 
Using  the  compliance  values  of  Figure  11,  such  a  load  diagram  is  shown  in  Figure  12. 
Mote  from  this  diagram  that  at  the  beginning  and  end  of  contact,  and  whenever  the  load 
shifts  from  3  pair  contact  to  2  pair  contact,  and  vice  verst;  there  is  a  discontinuity 
in  the  load  distribution.  Associated  with  these  abrupt  changes  in  tooth  load,  there 
will  be  corresponding  changes  in  transmitted  angular  velocity  which  would  adversely 
affect  gear  performance. 

The  purpose  of  gear  tooth  profile  modification  now  becomes  quite  evident.  Profile 
modification  is  a  means  of  intentionally  altering  the  involute  profile  to  give  a  closer 
approach  to  uniform  angular  velocity  transmission  by  eliminating  the  sudden  abrupt 
changes  in  tooth  load.  The  first  step  in  this  process  is  to  reduce  the  load  at  the 
initial  and  final  points  of  contact  to  zero.  Consider  the  tooth  when  it  first  comes 
into  contact  at  a.  At  tuis  time,  simultaneous  contacts  are  also  occurring  at  c  and  e. 
Assuming  again  that  the  gears  are  error  free  and  that  no  modification  is  to  be  applied 
below  c  on  either  gear,  equation  13  becomes; 


w. 


W)AC,-KF  [  •,  (  Cc  +  C,) 
C.C.+  c,ct+  ctc. 


•«»<*) 


(23) 


equating  this  to  zero  and  solving  for  < 


similarly. 


«  ,  Wn/E  f  CcC,+t,Cc 
*  Cc+  C. 


Wk/E  F  Q,Cti  +  *tlCd 

'  Cb+  c„ 


(24) 


(25) 


Let  tne  iorm  of  the  profile  modification  be  represented  by: 


«  -  *.<  1  -  |)° 


and 


f  =  Ml-  -R  y  S)a 
1 1 


(26) 


(27) 


where  s  is  the  normalized  distance  from  the  initial  point  of  contact  and  1  is  the 
length  of  the  modification  as  shown  in  Figure  13.. 

then 


Cc+  c. 


(28) 


U-10 


Wfi.  _  c  .  .  ,  .  CR-2.a„ 

If  CbCd+  «,(  1 - )  C„ 

Cb+  C„ 


(29) 


note  that  the  bracketed  terms  in  equations  (26)  and  (29)  mua  be  either  positive  or 
zero. 

Solving  these  two  equations  for  •,  and  ef 

”  3  X 


*  _ _ _ 

^  (Cc+  C.)  (C6+  Cd)-(1  -  Sr2)“(1  _  ?B=2fccCd 

J*  Jf 


CcC#  (Cb+  Cd)  +  CbCcCd  (1 


«,=  ^ 
f  EF 


CbCd  (Cc+  C.)  +  CcCdC,  (1  -  S^)“ 

'cR-2« 


(Cc+  C.)  (Ch-t-  Cd)-(1  -  Sp2)“(l  - 


■>CcCd 


(30) 


(31) 


If  the  start  of  the  tip  relief  is  limited  to  the  tip  of  the  tooth,  outboard  of  b,  the 
above  equations  simplify  to: 


«  ,  Wh  Ss£±. 
*>  EF  Cc+  C, 


(32) 


and 


Wm  C„C, 


'  EF  cb+  cd 

and  the  profile  relief,  as  a  function  of  S  is  given  by: 

, .  * 

EF  Cc+  C. 


Wn  QhCa  {  1  '  ]|  ^ 

EF  Ch+Crt 


0<3i] 

),  <  S  <  (CR-),  ) 
(CR-J,  )  <  S  <  CR 


(33) 

(34) 

(35) 

(36) 


Figure  14  Load  Distribution  with  Tip  Relief 


When  these  profile  deviations  are  substituted  into  equations  13,  14,  15,  16  and  17-  the 
individual  tooth  loads  for  any  value  of  s  can  be  determined.  The  resulting  change  in 
the  load  diagram  will  be  as  shown  in  Figure  14.  Thus  the  profile  modification  effec¬ 
tively  removes  the  load  discontinuities  and  results  in  a  smoother  load  transition  and  a 
more  uniform  velocity  transmission.  The  actual  shape  of  the  load  distribution  curve  in 
i  6  *ti,ee-p^ir  re9lonB  depends  upon  the  value  of  the  exponent  and  the  modification 
length  1 .  Figure  15  shows  the  effect  of  varying  these  two  parameters.  It  is  apparent 
from  this  figure  that  1  has  more  influence  on  the  load  distribution  than  does  a. 

The  effect  of  tooth  errors  on  the  tooth  'oad  can  be  handled  in  much  the  same  fashion 
but  it  is  inadvisable  to  try  to  correct  for  index  errors  by  profile  relief  since  they 
are  random  in  nature  and  unpredictable  with  respect  to  sign.  When  a  tooth  is  out  of 
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values  of  y  and  y.  These  can  be  obtained  by  interaction  on  the  basis  that  after  the 
passage  of  one  gear  mesh  (AS  =1),  the  gear  displacement  and  velocity  must  be  the  same 
as  that  fOi  the  starting  condition,  when  no  gear  errors  are  involved.  The  solution  for 
the  case  with  tooth  errors  is  done  then  in  two  steps;  first,  the  iterative  solution  is 
obtained  foi  the  zero-error  case  as  discussed  above.  Then  starting  with  the  known 
initial  conditions  of  y  and  y,  the  analysis  is  run  on  a  consecutive  mesh  basis,  intro¬ 
ducing  the  specific  error  on  any  tooth  or  teeth  desired.  A  more  complete  discussion  of 
the  details  of  this  procedure  is  contained  in  Reference  (5). 


The  results  of  a  dynamic  analysis  accomplished  by  the  procedure  described  above,  using 
the  same  tooth  design  and  spacing  errors  is  shown  in  Figure  15.  These  results  show 
that,  for  the  particular  speed  used,  the  dynamic  analysis  predicts  lower  loads  than  the 
static  analysis  in  the  two-pair  region  and  higher  loads  in  the  three-pair  region. 
Different  results  might  be  expected,  however,  at  other  speeds,  at  other  values  at 
profile  relief,  or  at  lower  damping. 

Thus  the  load  distribution  in  a  HCRG  design  can  be  adequately  calculated  using  either  a 
static  or  dynamic  analysis  for  a  given  profile  modification  and  error  condition.  A 
NASA-Lewis  sponsored  test  program  is  now  in  progress  at  Sikorsky  Aircraft  to  experi¬ 
mentally  evaluate  the  above  design  procedure.  Results  will  be  available  early  in  1982. 

Stress  sensitivity 

Many  methods  for  calculating  the  stress  sensitivity  of  spur  gear  teeth  are  available. 
-See  References  (6),  (7),  and  (8).  The  applicability  of  these  methods  to  HCRG  was 
evaluated  in  Reference  (5).  It  was  concluded  that  a  modified  Heywood  analysis  produced 
results  which  compared  most  faborably  with  test  results. 


Figure  17  High  Contact  Ratio  Dynamic  Load  Model 


1113 


Buttress  tooth  form 


As  has  been  discussed  previously,  the  HCH  tooth  configuration  is  inherently  weaker  than 
a  conventional  low  contact  ratio  for  the  same  load  design,  and  any  strength  advantage 
obtained  is  the  direct  result  of  multiple  load  sharing  between  successively  contacting 
tooth  pairs  coupled  with  adequate  profile  relief  and  error  consideration.  One  means, 
presently  being  tested  at  Sikorsky,  for  regaining  some  of  this  lost  strength  while 
retaining  the  high  contact  ratio  feature,  is  the  use  of  a  buttress  tooth  form.  Stated 
simply,  buttressed  teeth  have  a  larger  pressure  angle  on  the  coast  side  of  the  teeth 
than  on  the  drive  side  resulting  in  the  asymmetric  tooth  form  shown  in  Figure  18.  This 
design  has  a  thicker  tooth  section  at  the  base  of  the  tooth  where  the  bending  stresses 
are  concentrated,  albiet  with  a  smaller  fillet  radius  and  reduced  topland  thickness. 
The  net  result  of  this  buttressing  reflect,  however,  is  a  stronger  tooth  for  the  same 
contact  ratio.  The  percent  improvement  in  strength  factor  is  shown  in  Figure  19  for  a 
drive-side  pressure  angle  of  20°  and  various  coast-side  pressure  angles,  and  for  three 
load-application  points. 


Constant  relative  radius  of  curvature 

One  of  the  disadvantages  claimed  of  the  involute  gear  tooth  form  is  the  rapidly  dimin¬ 
ishing  radius  of  curvature  of  the  tooth  profile  in  the  vicinity  of  the  base  circle. 
The  relative  radius  of  curvature  at  any  contacting  point  is  given  by; 


P 

P,  +  P3 


(39) 


where  fi,  and  arc  the  radii  of  curvature  of  the  respective  teeth  at  the  contact 
point,  it  can  be  seen,  from  this  relationship,  that  the  relative  radius  of  curvature 
is  always  smaller  than  that  of  the  smaller  gear.  Thus  as  the  point  of  contact  ap¬ 
proaches  the  base  circle  (as  it  must  for  HCRG),  the  relative  radius  of  curvature 
approaches  zero.  Since  the  contact  stress  between  the  contacting  gear  teeth  is  in¬ 
versely  proportional  to  the  relative  radius  of  curvature,  it  becomes  increasingly  large 
as  the  radius  of  curvature  becomes  smaller.  Not  only  does  the  contact  stress  increase 
as  contact  approaches  the  base  circle,  the  sliding  velocity  increases  also,  and  the 
scoring  hazard,  which  is  a  function  of  the  product  of  contact  stress  times  sliding 
velocity,  can  be  proportionately  larger  for  HCKG  than  for  conventional  gears. 

To  correct  these  disadvantages,  it  is  possible  to  design  and  fabricate,  teeth  that 
deviate  from  an  involute  curve  to  the  extent  that  the  individual  tooth  curvatures  will 
give  essentially  a  constant  relative  radius  of  curvature  across  the  entire  working 
profile  of  the  tooth.  This  can  be  accomplished  by  using  an  S-shaped  line  of  action 
which  ca.i  be  generated  by  a  similarly -shaped  hob.  This  approach  will  reduce  the 
contact  stress  at  the  extreme  points  of  contact  thus  reducing  the  scoring  hazard 
without  affecting  the  contact  ratio. 

A  further  advantage  of  the  constant  relative  radius  of  curvature  (CRC)  concept  is  shown 
in  Figure  20,  The  interferance  point  is  defined  by  the  intersection  of  a  radial  line 
passing  through  the  gear  center  and  normal  to  the  line  of  action.  In  the  CRC  gears, 
this  point  is  closer  to  the  gear  center  and  thus,  the  practical  minimum  number  of  teeth 
on  the  smaller  gear  can  be  reduced  and  the  undercuting  limitation  virtually  eliminated. 
Thus  the  CRC  tooth  form  has  two  advantages  —  1)  lower  Hertz  stress  will  occur  at  the 
tips  of  the  teeth  where  scoring  hazard  is  highest  and  2)  fewer  numbers  of  teeth  are 
possible  on  the  driving  member  resulting  in  higher  possible  single-mesh  ratios. 
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The  effect  of  the  CRC  tooth  form  on  load  sharing  and  tooth  bending  can  be  addressed  by 
calculating  the  deviations  of  the  CRC  profile  from  the  involute  profile  and  introducing 
them  as  profile  deviations  in  equation  (13),  (14),  (15),  (16),  and  17.  This  potential 
modification  to  the  HCRG  design  will  be  evaulated  at  Sikorsky  in  the  near  future. 

FABRICATED  TRANSMISSION  HOUSING 

Sikorsky  Aircraft  has  beer  pursuing  the  fabricated  housing  for  high  temperature  opera¬ 
tion  since  the  early  1970's.  An  ATL  funded  study  showed  that  an  appreciable  weight 
savings  could  be  achieved  through  fabrication  of  a  steel  or  titanium  main  transmission 
housing.  An  in-house  effort  then  resulted  in  the  fabrication  of  a  tail  gearbox  housing 
for  the  RH-53  helicopter.  This  stainless  steel  housing.  Figure  21,  resulted  in  a  10% 
weight  savings  for  the  same  stiffness  as  the  production  magnesium  housing. 


Fwurr  2(1  ('.ommrative  Interference  Points  -  CRC  vs.  Involute  Profiles 


Ficure  21  Rll-fCt  Fnhnentvrl  Tnil  f'.enrhti y  Mousing 


Material  selection 

Stainless  steel  was  chosen  in  these  studies  for  its  strength,  ease  of  fabrication,  and 
welding  characteristics .  Other  materials  were  evaluated,  however  none  measured  up  to 
the  overall  attraction  of  stainless  steel  for  continuous  operation  in  the  450°  -  550°F 
range . 

Aluminum  alloys  6061-T6  and  7175-T736  are  not  viable  candidates  for  advanced  transmis¬ 
sions  because  the  operating  temperature  of  the  gearbox  without  an  oil  cooler  is  above 
the  aging  temperature  of  aluminum.  Magnesium  alloys,  although  100°  higher  in  aging 
temperature  than  aluminum,  are  still  too  close  to  the  operating  temperature  for  long 
term  stability.  Two  hign-temperature  magnesium  alloys  do  exist  but  corrosion  resist¬ 
ance  is  low. 

Titanium  alloys  are  viable  candidate  housing  materials,  however,  the  higher  cost  of  the 
end-product  does  not  appear  worth  the  small  weight  savings  when  compared  to  stainless 
steel . 

Composites  offer  the  promise  of  good  ballistic  damage  resistance,  and  resins  exist 
which  will  resist  temperature  and  synthetic  oils  (polyimids),  but  the  low  thermal 
conductivity  across  the  resin  (in  the  order  of  0.3  BTU/ft/hr  ft2°F)  does  not  allow 
sufficient  heat  dissipation  by  radiation  to  eliminate  the  oil  cooler.  Also,  this 
material  does  not  appear  to  have  the  weight  savings  potential  of  a  stainless  steel 
gearbox  without  an  oil  cooler. 

Carpenter  Custom  450  was  selected  from  stainless  steels  such  as  15-5,  17-4,  and  17-7. 
In  the  final  analysis,  two  parameters  determined  the  selection  of  the  alloy.  First, 
housing  stiffness  requirements  are  more  stringent  than  strength  thus  allowing  the  use 
of  a  lower-strength  material  with  increased  fracture  toughness.  Second,  Carpenter 
Custom  450  appears  more  amenable  to  welding  processing  than  any  other  alloy.  Carpenter 
Custom  450,  a  minor  modification  of  17-4  PH,  has  the  required  strength  and  stiffness 
properties  and  improved  welding  characteristics  needed  for  high  volume  production. 

The  chemical  compositon  of  Carpenter  Custom  450,  given  in  Table  1,  has  been  balanced  to 
achieve  a  martensitic  structure  in  all  conditions  of  heat  treatment.  The  carbon 
content  of  the  alloy  is  extremely  low.  This  results  in  a  tough,  ductile  martensite 
which  resists  cracking  in  the  weld  metal  and  the  heat-affected  zone  of  the  parent  metal 
and,  because  of  its  low  carbon  content,  preheating  prior  to  welding  is  not  necessary. 


w 
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Housing  design 

The  design  goal  for  this  program  was  a  housing  stiffness  equal  to  or  better  than  the 
BLACK  HAWK  magnesium  housing.  Figure  22,  and  a  10%  weight  advantage.  Since  the 
specific  stiffness  E/P,  is  basically  the  same  for  titanium,  steel,  aluminum  and  magne¬ 
sium,  the  weight  saving  was  to  be  achieved  by  more  efficient  design,  i.e.,  without  the 
limitations  imposed  by  current  casting  practices. 


Carbuti 

0.05  max 

Chromium 

14.00/ 10.00 

Manganese 

1. 00  max 

.Vic  kri 

5.00/7.00 

Silicon 

1. 00  mac 

Molybdenum 

0.50/1.00 

Phoaphnrus 

0.03  max 

('upper 

1.25/1.  75 

Sulfur 

0.03  max 

Cotumbium 

0  x  ('.  nun 

Table  l  Carpenter  Custom  450  Compasititm-I’rrcent 


Figure  22  ULACKI/A  (ast  Magnesium  Housing 


The  fabricated  housing.  Figure  23,  is  of  semi-monocoque  design  and  is  comprised  of  a 
sheetmetal  shell  to  which  stiffening  ribs  are  welded.  The  ribs  provide  the  supports 
for  the  inputs  and  tail  take-off  and  transfer  t  ie  main  rotor  bearing  loads  into  the 
airframe.  The  shell  reacts  the  shear  loads  and  retains  the  lubricating  oil. 

Finite  element  analysis  (NASTRAN)  was  used  to  design  the  housing  to  withstand  a  simu¬ 
lated  forward  crash  load  of  20  g’s  without  undergoing  catastrophic  failure.  Con¬ 

straints  imposed  by  having  to  retrofit  existing  hardware  prevented  optimizing  the  shell 
to  carry  this  20g  load  (equivalent  to  67,400  lbs  at  the  rotor  centroid.)  The  addition 
of  ribs  to  the  shell  provided  the  primary  path  for  the  main  rotor  loads  and  for  attach¬ 
ment  of  the  housing  to  the  airfrme.  For  a  forward  crash  condition,  the  fore  and  aft 
ribs  are  the  primary  members.  Maintaining  structural  integrity  of  these  members 

prevents  catastrophic  type  failure.  Whereas  magnesium  housings,  if  tested  to  destruc¬ 
tion,  would  fail  in  a  brittle  static  fracture  mode,  a  steel  housing  will  fail  by 

buckling  and/or  instability. 

The  NASTRAN  model  used  for  the  stability  analysis  is  shown  in  Figure  24  •  This  model 
contains  8963  degrees  of  freedom  and  is  made  up  of  primarily  the  CQUAD  4  isoparametric 
membrane  bending  quadilaterial  elements.  Plane  stress  elements  were  used  for  the 

braces  and  tail  rotor  take-off. 
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with  the  load  applied  at  the  centroid  of  the  rotor  system,  the  stability  analysis 
revealed  three  distinct  buckling  modes  occurring  in  the  skin  up  to  the  20g  load.  As 
NASTRAN  is  a  linear  analysis,  post  buckling  analysis  is  not  possible,  however  the 
assumption  is  made  that  load  redistribution  due  to  buckling  is  not  severe  since  it  is 
assumed  the  ribs  are  carrying  the  majority  of  the  load.  Based  on  this  assumption,  the 
stresses  in  the  housing  were  evaluated  as  shown  in  the  ISO-stress  contours  of  Figure 
25. 

Two  housings  were  fabricated  at  Sikorsky  Aircraft.  A  special  welding  fixture  was 
designed  to  permit  logical  assembly  of  detail  parts  for  welding.  The  bearing  journals 
and  flange  details  were  machined  from  ring  forgings  and  .060  inch  sheet  stock  was 
butt-welded  to  form  the  cylinders  and  cone.  Assembly  was  by  manual  gas  tungsten  arc 
welding  using  strips  of  base  material  as  filler.  The  heat  treatment  of  the  housing  was 
performed  on  a  holding  fixture  and  consisted  of  a  vacuum  solution  anneal  at  1900°F  for 
15  minutes  followed  by  an  aging  cycle  of  1025“F  for  4  hours. 

A  complete  dimensional  inspection  was  performed  after  welding  and  aging  to  check 
material  dimensional  changes  and  distortion.  It  was  observed  that  subsequent  to  the 
aging  cycle,  a  dimensional  shrinkage  occurred,  however,  an  absolute  value  of  a  shrink¬ 
age  coefficient  could  not  be  established.  The  amount  of  shrinkage  is  dependent  not 
only  on  the  material  characteristics  but  also  on  the  structural  configuration  (re¬ 
straint  offered  by  the  massive  rings  on  the  thin  sheet  metal). 

Final  machining  was  accomplished,  after  heat-treatment,  utilizing  production  tooling 
and  machinery.  To  prevent  excessive  chatter  and  possible  pick-up  and  seizure  of  the 
material,  Rigidetex,  a  plastic  compound,  was  molded  to  the  input  housings.  The  dampen¬ 
ing  characteristics  of  this  material  eased  machinability  of  the  input  bores  to  the 
close  alignment  tolerances  required  for  successful  operation  of  the  input  bevel  pinions 
and  gears.  The  housing  was  vapor  blasted  and  passivated  to  achieve  the  desired  matt 
finish  for  optimum  heat- rejection  and  corrosion  resistance. 

The  fabricated  housing  eliminated  the  requirement  for  hardened  liners  thereby  elimin¬ 
ating  secondary  machining  operations.  Through-bolts  are  used  exclusively,  thereby 
eliminating  the  requirement  for  added  material  and  machining  for  threaded  steel  in¬ 
serts.  This  resulted  in  attainment  of  a  8%  savings  for  the  fabricated  housing  which  is 
estimated  to  weight  approximately  102  lbs  in  its  final  configuration  compared  to  the 
cast  magnesium  housing  weight  of  110  lbs. 

Thus,  the  fabricated  stainless  steel  housing  offers  a  viable  alternative  to  the  a 
magnesium  alloy  casting  particularly  where  high  temperature  capability  and  surviv¬ 
ability  are  design  requirements. 

Correlation  of  static  test  results  with  the  NASTRAN  stress  analysis  is  yet  to  be 
accomplished,  Futgre  plans  also  include  a  system  integration  test  which  will  determine 
heat  rejection  rates,  noise  radiation,  and  structural  stability. 


Figure  25  ISO-Strrss  Contours 


Conclusions 


The  load  distribution  in  a  high  contact  ratio  gear  design  can  be  adequately  calculated 
using  either  a  static  or  dynamic  analysis  for  a  given  profile  modification  and  error 
condition.  The  design  can  be  further  enhanced  by  including  the  buttress  tooth  feature 
and  modifying  the  profiles  to  give  essentially  a  constant  relative  radius  of  curvature 
in  the  tooth  contact  to  reduce  the  scoring  hazard. 
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The  fabricated  stainless  steel  housing  offers  a  viable  alternative  to  the  conventional 
magnesium  alloy  casting  particularly  where  high  temperature  capability  and  crash 
survivability  are  design  requirements. 
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DISCUSSION 


H.Saravanmutto,  Ca 

Could  you  comment  on  the  recuperated  configuration  where  the  heat  exchanger  is  located  between  the  gas  generator 
and  power  turbine?  Concern  is  that  temperature  level  at  this  point  would  be  much  higher  than  that  previously  used. 

Author's  Reply 

To  place  the  recuperator  upstream  of  the  power  turbine  is  a  rather  new  consideration.  However,  no  studies  have  been 
made  as  yet  in  Germany  to  evaluate  this  arrangement.  The  description  of  Figure  13  of  my  paper  states  that  in  this 
arrangement  the  recuperator  is  bypassed  during  full  and  emergency  power.  This  is  done  to  protect  the  recuperator 
from  temperatures  hotter  than  in  the  other  installation.  Your  comments  on  the  heat  exchanger  bypass  is  contained 
in  my  paper  under  ‘disadvantages’. 


DISIGN  CRITIRIA  Ol-  Till:  A  129  111  LIGOIM  KK  DRIV1  SYSTEM 


i'y 


A.Garavaglia  and  G.GattilKHli 
Coslniaioni  Acronautichc  G. Agusta 
CASCINA  GOST  A 
Gallarato,  Italy 


SUMMARY 


This  paper  discusses  the  design  philosophy  of  the  Agusta  A  129  drive  system  which  is 
actually  under  development  to  meet  the  modern  requirements  of  the  Armed  Forces  for  a 
light  helicopter  in  the  anti-tank  role  with  night  and  day  fighting  capability. 

Efforts  have  been  made  to  meet  the  stringent  requirements  of  system  layout  and  to 
achieve  low  weight,  high  life,  maximum  reliability,  survivability  and  ballistic  toleran 
ce,  through  integrated  system  design,  modular  concepts,  use  of  redundant  system  and  dry 
run  capability. 

INTRODUCT  ION 


The  transmission  system  discussed  in  this  paper  was  designed  for  the  A  129,  helicopter 
now  under  development  at  Agusta,  in  conformity  to  the  Italian  Army  requirements  for  a 
light  anti-tank  helicopter. 

The  most  stringent  requiT*ements  for  the  helicopter  are  \ 

-  twin  turboshaft  power 

-  inherent  provisions  inside  the  mast  for  the  installation  of  a  night  and  day  viBionics 
system 

-  transportability 

-  ballistic  tolerance 

and  for  the  dynamic  system  ; 

-  2500  hours  min.  T.B.O. 

-  30  minute  safe  flight  capability  after  loss  of  lubricant 

-  accessories  ground  run  capability  with  main  rotor  at  rest. 

In  addition  to  the  above  requirements,  are  also  requested; 

-  ease  of  maintenance 

-  high  reliability 

-  good  weight/power  ratio 


DESIGN  PHILOSOPHY 


An  extensive  and  laborious  redesigning  of  the  main  trasmission  lay-out  was  required 
during  the  preliminary  study  phase  for  a  rational  integration  of  the  transmission  into 
the  helicopter,  because  of  the  limited  space  provided  for  the  dynamic  system  and  the  adoja 
tlon  of  unusual  requirements. 

An  easy  maintenabll lty  is  an  essential  feature  in  a  military  helicopter  to  achieve 
maximum  system  reliability  and  thus  minimize  mission  abortions. 

Experience  however  teaches  that  "maintenance  generates  maintenance"  and  accordingly 
the  reliability  of  a  mechanical  system  is  oven  lower  when  life  limited  items  are  invol¬ 
ved.  Starting  from  the  fact  that  some  parts  may  fail,  the  introduction  of  modularization 
criteria  for  the  subsystems  of  a  primary  system  such  as  the  main  transmission,  can  make 
maintenance  easier,  allowing  the  replacement  of  high  failure  risk  modules  and  then  elimi¬ 
nate  the  possibility  of  adversely  affecting  reliability,  for  the  greater  the  separation 
between  the  modules  the  lower  the  risk  of  secondary  damage. 

These  criteria  have  been  complied  with  during  design,  with  the  result  of  achieving  not 
only  a  satisfactory  accessibility  to  the  main  drive  system  and  engine  modules,  but  also 
to  the  accessories  and  hydraulic  components  located  in  the  same  area. 

From  this  viewpoint  the  main  transmission  has  been  partitioned  into  four  partially  in- 


dlpendent  subsystems  with  possibility  of  disassembly  directly  on  the  helicopter. 

The  modules  are  : 

1)  Input  quill  first  reduction  stage  and  actuated  free  wheeling, 

2)  Main  gear  case  housing  the  II,  III,  IV  roduction  stages, 

3)  Upper  case  with  main  rotor  mast  and  bearings, 

4)  Accessories  gear  box. 

In  addition  to  modularization  the  possibility  has  been  retained  of  indipendent  removal 
of  traditional  maintenance  components  such  as  free-wheels  and  lubrication  pumps. 

The  lubrication  system  was  designed  featuring  two  modules:  the  first  with  the  cooling 
fan  straight  connected  to  the  accessories  gear  box;  the  second  integrating  the  cot  r  body, 
filters,  bypass  thermostatic  valve,  pressure  relief  valve,  safety  and  check  valve,  with 
no  need  for  external  oil  lino  and  fittings. 

Besides  the  unusual  but  recurrent  external  limitations, to  the  A  129  transmission  was 
imposed  an  internal  limitation  as  well,  constituted  by  the  large  diameter  of  the  mast. 

As  It  is  possible  to  see  from  the  transmission  scheme,  the  mast  diameter  has  nc  allo¬ 
wed  to  achieve  a  great  reduction  ratio  for  the  planetary  stage,  because  large  dir  :eters 
proved  necessary  for  the  sun  gear,  the  shafts  and  the  bearings  coaxial  with  the  maBt  Itself. 

In  order  to  overcome  these  limitations, the  transmission  ratio  of  78.2  was  obtained 
through  four  reduction  stages  tailored  in  such  a  way  as  not  to  interfere  with  the  ring 
diameter  of  the  planetary  stage,  which  on  the  other  hand,  was  required  to  provide  a  ra¬ 
tional  suspension  system  for  the  transmission. 

The  selection  of  the  four  reduction  stages  was  positively  evaluated  during  the  preli¬ 
minary  design  phase,  because  it  proved  convenient  even  with  respect  to  weight  optimization. 

The  use  of  spiral  bevel  gears  for  the  first  two  stages  has  allowed  to  free  the  power 
transmission  scheme  from  engine  center  distance  and  mounting  attitude,  and  to  contain  the 
collector  gear  diameter  (  third  reduction  stage)  within  the  planetary  ring  gear  diameter. 

Moreover  this  solution  has  allowed  to  position  the  free-wheels  in  an  area  accessible 
from  the  outside  without  removal  of  the  first  stage  transmission  module  and  allowing  for 
the  power  line  of  engine  n“  1  only, to  incorporate  dislngagemont  provisions  for  the  free¬ 
wheel,  as  necessary  for  ground  running  the  accessories  with  the  main  rotor  at  rest. 

With  the  advent  of  stringent  military  requirements  for  attack  helicopter  survivability, 
several  design  vulnerability  aspects  have  been  explored,  and  among  them  of  course  the  trail 
smission  system  scheme, which  for  the  A  129  has  been  designed  to  feature  duplication  of 
the  rotor-engine  power  line  up  to  the  end  reduction  stage  (  planetary  ). 

The  modular  transmission  lubrication  system  has  been  designed  to  duplicate  the  most 
vulnerable  conmponents  keeping  them  as  far  as  possible  apart  with  no  need  for  connec¬ 
ting  lines. 

Also  the  main  transmission  suspension  system  has  been  designed  with  vulnerability 
rationale  through  the  adoption  of  eight  large  diameter  rods,  convergent  into  duplex 
junctions,  which  have  already  been  experimented  with  success  on  the  A  109. 

Vulnerability  criteria  were  given  paramount  importance  in  the  design  of  tail  rotor 
shafting.  The  choice  of  a  supercritical  system  was  primarly  dictated  by  the  requirement 
for  large  diameter  shafts  which  not  only  had  to  feature  ballistic  tolerance  but  also  had 
to  guarantee  torque  transmission  following  a  hit. 

The  weight  increase  generated  by  the  use  of  oversized  diameter  shafts  with  respect 
to  the  normally  transmitted  torque,  is  partially  recorered  by  the  suppression  of  the 
hangers  necessary  for  a  subcritical  drive  systems,  thus  minimizing  the  number  of  couplings 
and  bearings,  which  generally  also  reduce  system  reliability. 

An  intermediate  or  tail  rotor  gear  box,  lubricated  by  oil,  may  be  adequately  designed 
to  provide  required  failsafe  operation  as  well  as  to  meet  vulnerability  requirements,  one 
of  the  basic  advantages  of  the  oil  lubricated  gearbox  is  the  possibility  to  place  an 
electric  chip  detector  in  the  best  location  to  monitor  metal  chips  generated  by  gears 
or  bearings  failure.  An  oil  temperature  sensor  may  also  be  easily  installed. 

However  seal  leakages  and  complete  oil  loss  problems,  have  suggested  the  use  of 
grease  lubrication  for  these  gearboxes. 

This  kind  of  lubrication  requires  gearboxes  of  particular  internal  architecture  such 
that  the  grease  migrates  within  the  cavities  around  the  parts  to  be  lubricated,  thus 
providing  several  compartements  which  prevent  that  grease  be  completely  drained  In  case 
of  ballistic  casing  damage. 
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POWER  TRANSMISSION  SCHEME 


As  mentioned  above  the  main  transmission  is  a  four  stage  reduction  system. 

The  first  and  second  stages  consist  of  spiral  bevel  gears,  the  third  stage  of  helical 
gears  which  drive  the  final  gear  consisting  of  a  spur  gears  planetary  system. 

The  tail  rotor  shaft  is  driven  directly  by  the  collector  gear  and  by  a  spiral  bevel 
gears  set. 

The  accessory  gearbox  can  be  driven  both  by  the  collector  gear  (In  flight)  and  by 
the  gear  shaft  of  the  left  engine  first  stage  (  on  ground)  and  has  the  possibility  to 
drive  one  alternator  ,  a  hydraulic  pump,  an  ECS  filter  compressor  and  the  lubrication 
oil  cooling  fan. 

The  power  transmission  scheme  is  completed  by  two  engine  shafts  provided  with  flexi¬ 
ble  couplings  and  by  a  supercritical  shafts  system  which  drive  the  intermediate  and  the 
tail-rotor  gearboxes. 


CONFIGURATION  AND  WEIGHT  TRADE-OFFS 


Because  of  Its  functional  features  the  A  129  transmission  does  not  fit  into  a  normal 
weight  comparison  diagram  versus  the  ratings  integrated  by  transmission  ratios. 

As  a  matter  of  fact  Its  weight  is  greatly  affected  by  the  mast  dimension  which  houses 
a  part  of  the  stationary  and  rotating  flight  controls  and  by  the  accessory  gearbox  which 
can  be  driven  both  in  flight  and  on  ground  with  rotor  at  rest  without  the  aid  of  an  APU. 

However  in  the  design  definition  phase  all  the  esperlmented  technological  features 
necessary  to  minimize  weight  have  been  applied  to  each  component  without  altering  the 
component  functional  features. 


DESIGN  CRITERIA 


CONDITION 

ENGINE 

MAIN  ROTOR 
OUTPUT 

TAIL  ROTOR 

OUTPUT 

RPM 

A 

SINGLE 

HP 

T 

TWIN 

HP 

RPM 

HP 

RPM 

I1P 

STATIC  LIMIT 

27000 

1341 

2196 

346 

1982 

16 

57 

708 

466 

TRANSIENT 

- 

- 

— 

— 

596 

371 

2  1/2  MINUTES 

- 

- 

— 

B 

89 

^B 

460 

254 

60  MINUTES 

27C 

XX) 

894 

b 

B 

I 

374 

182 

MAXIMUM  CONTINUOUS 

816 

1464 

346 

1318 

345 

140 

100%  POWER  RATING 

732 

1464 

346 

1318 

345 

140 

A  based  on  sea  level,  ISA  standard  day 

▼  based  on  hovering  at  2000  m  ,  35°C,  with  factor  of  1.20 
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GEAR  DESIGN  CRITERIA 


The  flrBt  two  reduction  stages  consist  of  spiral  bevel  gear  sets.  Being  the  pitch 
line  velocity  of  both  gears  very  high  (>  10000  ft/min),  the  gears  have  been  designed 
featuring  limited  dynamic  loads  and  thus  minimize  the  probability  of  scoring  and  bending 
overstressing.  To  achieve  the  required  dynamic  load  condition,  fine  diametral  pitches 
and  high  mismatch  contact  ratios  have  been  adopted  in  conjunction  with  low  design  bonding 
stresses;  surface  roughness  has  been  limited  to  16  CIA  max.  to  assure  a  good  tribological 
behaviour.  The  small  teeth  size  has  implied  verification  of  the  top  land  thickness 
in  order  to  avoid  problems  of  overcarbur ization . 

The  third  reduction  stage  consists  of  two  helical  pinions  driving  a  collector  gear. 

In  this  reduction  stage  the  choice  of  helical  teeth  was  a  trade-off  between  weight, 
face  contact  ratio  and  axial  thrust;  moreover  a  fine  diametral  pitch  allowed  a  thin  rim 
with  relevant  weight  saving. 

To  provide  a  smooth  run  and  consequently  low  noise  level  a  face  contact  ratio  larger 
than  2.0  was  imposed  for  both  helical  and  spiral  bevel  gears. 

The  final  reduction  stage  is  a  spur  gear  epicyclic  system  for  which  a  high  gear  ratio 
could  not  be  achieved  because  of  the  stringent  dimensions  imposed  to  the  sun  gear  and  to 
the  fixed  ring.  However  a  gear  ratio  of  about  3.0  for  this  application  was  judged 
satisfactory . 

In  order  to  achieve  the  above  gear  ratio  and  at  the  same  time  save  system  weight,  a 
pressure  angle  of  25°  was  chosen  for  the  sun-planet  mesh  and  of  about  17°  for  the  planet- 
ring  mesh. 

To  allow  a  good  load  sharing  and  concurrently  reduce  the  effect  of  the  vibrations  on 
the  main  case, a  flexible  flanged  ring  gear  was  adopted.  This  solution  was  already  success¬ 
fully  adopted  on  the  A  109  main  transmission. 

As  mentioned  above  the  accessory  gearbox  has  the  peculiarity  of  being  driven  in  two  dij[ 
ferent  ways,  which  implies  that  each  gear  can  be  driven  or  driving. 

For  the  drive  train  of  this  gearbox  were  selected  spur  gears,  expressly  designed  to 
avoid  "scoring"  in  both  running  conditions. 

The  shape  and  the  stiffness  of  all  main  transmission  fast  gears  will  be  analitically 
dimensioned  by  means  of  a  computer  program  capable  of  predicting  their  natural  frequeji 
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BEAR ING  DESIGN  CRITER IA 


The  Ljlo  life  for  all  bearings  has  been  calculated  with  the  aid  of  >  computer  program 
for  high  speed  bearings,  which  in  the  statistical  determination  of  lift:  takes  into  acco¬ 
unt  the  internal  loads  generated  by  centrifugal  forces  and  by  gyroscopic  moments. 

The  bearing  internal  geometry  has  been  devoted  careful  attention  to  offset  the  effects 
resulting  from  rolling  element  dynamics;  in  fact  a  sudden  change  xr  ball  control  at  such 
high  speeds  can  cause  catastrophic  failures  because  oi  the  quick  wear  caused  by  friction 
temperature  rise. 

Besides,  high  speed  bearings  failures  have  such  a.  high  progression  rate  that  they 
cuiiiioi  be  timely  detected  by  conventional  diagnostic  systems. 

For  these  reasons  high  speed  hearings  have  been  designed  with  a  higher  than  average 
reliability  parameter  and  their  nousings  have  been  provided  with  temperature  bulbs  to 
detect  any  sudden  rise  which  is  an  indication  of  malfunction. 

All  roller  bearings  have  inner  races  worked  integrally  with  the  shaft  to  avoid  inner 
race  creeping  on  the  respective  shafts. 

The  reliability  of  all  bearings  has  been  further  increased  by  the  use  of  M50  VIM-VAR 
steel  for  the  rolling  elements  and  rings  and  by  the  use  of  silver  plated  steel  cages. 
These  materials  are  essential  to  overcome  the  high  temperatures  during  the  oil  off  run 
condition . 

Both  inner  races  of  the  mast  bearings  are  also  worked  integrally  with  the  shaft  made 
from  ESR  4340  (HR£  53+55)  ,  thus  avoiding  large  diameter  nuts. 


FREEWHEELS 


Sprag  type  clutches  are  installed  in  the  first  stage  spiral  bevel  gear  designed  so 
that  they  engage  cen tr ifugally .  This  feature  ensures  a  continuous  contact  between 

sprag  and  raco  and  ensures  smooth  reingngements  at  speed,  after  a  period  of  freewheeling. 

A  good  tradeoff  between  weight  and  cost  has  encouraged  the  selection  of  tills  kind 
ot  clutch. 

The  shaft  of  input  N°  1  is  axially  displaced  so  as  to  prevent  freewheel  engagement 


and  thus  independently  drive  the  accessories  gearbox  on  ground. 

Further,  in  order  to  avoid  the  risk  of  axially  loading  the  sprag,  the  spiral  bevel 
set  was  designed  to  take  only  radial  loads  on  the  gear. 


LUBRICATION  SYSTEM 


The  lubrication  and  cooling  system  consists  of  two  volumetrical  gerotor  pumps  which 
suck  from  different  sumps  and  feed  two  separate  lines  provided  with  relief  valves  and 
filters. 

The  two  systems  are  integrated  with  sump  -mounted  mechanical  safety  valves,  eccessive 
differential  pressure  sensor,  and  fluid-mechanical  valves  which  cut  off  the  oil  flow 
if  a  damage  exists  on  the  line. 

Cooling  is  provided  by  a  single  fan  which  supplies  the  air  flow  to  the  two  indipendent 
radiators  which  too  incorporate  thermal  bypass  valve. 

Extreme  care  was  exercised  to  avoid  the  presence  of  external  lines  and  fittings  and 
to  make  the  oil  Jets  of  the  lubrication  line  Inside  the  transmission,  accessible  for 
inspect  ion . 

In  addition, suitable  provisions  have  been  developed  to  ensure  safe  oil  off  running 
condition,  such  as  servicing  the  gears  with  impregnable  material  and  collection  sumps 
having  the  function  to  gradually  return  the  oil  for  a  short  time,  in  default  of  normal 
lubrication . 


DIAGNOSTICS 


The  A  129  is  provided  with  an  Integrated  Multiplex  System  capable  of  processing  the  data 
fed  by  the  sensors  from  the  critical  points  of  the  drive  system  and  of  making  them  avai¬ 
lable  to  the  pilot  continuously  or  on  demand. 

As  said  above,  the  tail  rotor  gearboxes  are  grease  lubricated,  and  they  need  accelero¬ 
meters  as  detecting  equipment. 

The  main  transmission  is  oil  lubricated  and  is  provided  with  the  normal  instrumentation 
to  survey  pressure  and  temperature.  Iv  is  also  provided  with  a  Quantitative  Debris 
Monitoring  (Q.D.M.)  system  to  detect  the  magnetic  chips  generated  by  the  failure  of 
bearings,  gears,  etc. 

Thermal  probes  integrate  both  the  tail  .rotor  gearbox  accelerometers  and  the  first 
stage  QDM  system  of  the  main  transmission. 


VULNERABILITY 


One  of  the  most  important  requirement  of  the  Italian  Army  is  that  the  helicopter  be 
able  to  fly  for  at  least  30  minutes  if  hit  by  a  12.7  caliber  bullet. 

The  whole  transmission  system  cf  the  A  129  wr.s  designed  reflecting  this  requirement 
and  a  great  care  was  given  to  the  most  exposed  areas  in  such  a  manner  that  all  gears 
were  straddle  mounted,  bearings  were  protected  by  ESR  4340  steel  liners  of  adequate 
thickness  and  hardness;  the  lubrication  system  were  the  most  redundant  as  possible;  and 
the  rotating  parts  could  function  for  at  least  30  minutes  without  lubrication. 

The  temperature  rise  due  to  oil  off  running  was  taken  into  account  dimensioning  the 
gears  backlash  and  the  bearings  radial  play,  and  selecting  no  preloaded  ball  bearings. 

The  tail  rotor  supercritical  shafts, the  grease-lubricated  gearboxes  and  the  main 
rotor  shaft  which  have  the  function  to  protect  the  rotating  controls,  were  also  designed 
reflecting  vulnerability  criteria. 


CONCLUSIONS 


Respotidence  to  the  imposed  requirements  has  been  achieved  through  integration  of 
the  transmission  system  into  the  helicopter,  principally  through  the  adoption  of  design 
rationale  and  confining  new  technologies  to  those  components,  which  because  of  their 
nature,  could  not  be  conventionally  developed. 

During  components  design  development,  preliminary  tests  shall  concurrently  be  conduc¬ 
ted  in  order  to  substantiate  the  choices  made  in  the  course  of  the  preliminary  study 
phase  and  thus  limit  risk  areas  in  the  course  of  assembly  development  tee  s. 
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APPENDIX  A  j 


A  129  DESCRIPTION 

The  Agusta  A  129  Is  a  light,  twin  turboshaft  powered,  combat  helicopter  under  deve¬ 
lopment  for  the  Italian  Army  use,  primarly  in  the  anti-tank  role.  It  has  a  single, 
four-blade,  articulated  main  rotor  and  a  two-blade,  semirigid,  tail  rotor. 

The  crew  of  two  is  seated  in  tandem  with  the  aircraft  commander/pilot  seated  aft  and 
above  the  cop ilot/ gunner .  Armament  is  carried  on  four  pylons  mounted  on  stub  wings. 

The  primary  armament  is  the  Hughes  Aircraft  Company  TOW  missiles  system.  Rockets, 
machine  guns  pods,  and  external  fuel  tanks  can  also  be  carried  on  the  armament  pylons. 

Propulsion  is  provided  by  two  Rolls  Royce  GEM-2  engines  capable  of  developing  up  to 
918  SHP  each. 

The  take-off  gross  weight  in  the  Italian  Army  primary  mission  configuration  is 
8080  lbs  (  3665  kg) . 

The  A  129  has  performance  comparable  to  that  of  the  U.S.  Army's  Advanced  Attack  Heli¬ 
copter  (A AH)  but  is  considerably  smaller  and  lighter.  The  AAH,  of  course,  carries  twice 
as  many  missiles  as  the  A  129. 

The  A  129  is  the  first  helicopter  to  protect  the  upper  flight  controls  from  ballistic 
damage,  wire  strikes  and  icing  by  placing  the  control  rods  and  the  swashplate  assembly 
inside  the  main  rotor  shaft.  An  inner  stationary  mast  provides  inherent  provisions  for 
installing  the  stationary  or  telescoping  Mast  Mounted  Sight  (MMS) . 

The  Integrated  Multiplex  System  is  the  single  most  significant  feature  in  the  A  129. 

It  provides  this  small  helicopter  with  unprecedented  capability  and  flexibility. 

The  heart  of  the  IMS  is  a  reduntant  MIL-STD-1553B  data  bus  communication  and  centrali¬ 
zed  data  processing  system  which  totally  integrates  navigation,  communication,  flight 
instruments  and  controls,  system  management,  aircraft  monitoring  and  maintenance  recor¬ 
ding,  greatly  reducing  crew  work  load. 

In  addition  the  A  129  is  a  "tough  little  machine"  which  is  difficult  to  detect,  dif¬ 
ficult  to  hit  and  if  hit  can  continue  flight  for  at  least  30  minutes,  but  if  it  does 
crash  the  airframe  is  crashworthy , and  the  crew  is  protected  and  will  survive  to  the  90th 
percentlve  of  a  survivable  accident  (as  defined  by  MIL-STu-1290) . 
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DISCUSSION 


Unknown  Questioner 

Have  you  conducted  tests  of  the  air  intake  shown  in  your  paper  to  determine  whether  or  not  they  will  accommodate 
foreign  object  ingestion? 

Author’s  Reply 

Although  the  shape  looks  peculiar,  tests  have  been  conducted  to  measure  its  resistance  to  foreign  object  damage. 

Ice  or  dust  effects  are  still  to  be  determined. 


Same  Questioner 

How  successful  have  you  been  with  the  post-to-canier  attachment  system  described  in  your  paper? 
Author’s  Reply 

No  problems  have  been  encountered  thus  far  in  the  program. 
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LE  DEVELOPPDtENT  DES  HELICQPTERES  EN  FRANCE 
par 

1'IngAnieur  en  Chef  de  l'Arraement 
DANIEL  BEFTHAULT 

Chef  du  Dipartement  H^licopteres 
du  Service  Technique  des  Prograsmes  Aironautiques 
4,  avenue  de  la  Porte  d'lssy 
75  996  PARIS  ARMEES 


Les  deux  derniAres  decennies  ont  corresponds  pour  1' Industrie  frangaise  des  hAlicopteres,  a  une  pAriode 
de  croissance  rapide  :  d'une  part  les  forces  arraAes  nationales  Ataient  dotAes,  en  quantitAs  signif icatives, 
d'appareila  nilitaires  bien  adaptAs  A  leur  finalitA  opArationnelleB  et  de  bonnes  qualitAs  techniques,  d'autre 
part  des  succAs  considerables  Ataient  obtenus,  sur  le  marchA  de  1* exportation,  aussi  bien  avec  les  hAllcoptA- 
res  mllitaires  qu'avec  d'autres  machines,  a  vocation  civile,  dAveloppAes  en  prenant  en  ccmpte  les  iraperatlfs 
du  marchA,  et  se  classant  souvent  de  maniAre  trAs  favorable  par  rapport  aux  produits  de  la  concurrence. 

La  presentation  qui  suit  retrace  les  caracteristiques  essentielles  du  developpement  des  hAlicoptAres 
en  France  durant  cette  periode. 

Bile  analyse  par  ailleurs  la  ligne  directrice  et  les  modalites  de  l'action  des  services  publics  dans  ce 
domains. 

Enfin,  en  dAfinissant  les  besoins  futurs  et  les  axes  d'action,  elle  esqulsse  les  perspectives  pour  le 
futur. 

1.  HISTORIQUE  DES  DEVELOPPEMENTS  D  '  HELICQPTERES  FRANCAIS 

La  planche  1  rappelle  la  succession  des  differents  programmes  d 'helicopteres  franjais,  avec  la  quantity 
totale  cumulAe  d'appareils  produits  par  1' Industrie  nationale.  (Les  dates  indiquAes  sont  celles  du  premier 
vol  du  prototype) . 

II  est  intAressant  de  situer  cette  Evolution  dans  le  cadre  de  Involution  mondiale  du  produit  helicoptere 
(planche  2) . 


AS  JJ2 


1946  46  50  52  64  54  M  60  62  64  66  69  70  72  74  76  7»  90  62  19B4 


PLANCHE  1 


PLANCHE  2 
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En  comparant  ces  deux  planches,  l'on  constate  que  l'activiti  frangaise  a  sulvi  cette  Evolution  mondiale, 
et  l'a  meme,  dans  certains  cas,  devancie. 

Pour  commenter  rapidement  cet  historique,  je  distingueral  trois  categories 

-  les  appareils  des  annies  1960 

-  les  appareils  dc  la  cooperation  franco-britannlque 

-  les  appareils  de  la  nouvelle  gamme. 

1.1.-  Les  appareils  des  snn6es  1960 

II  S'agit  de  la  famille  des  ALOUETTE  et  du  SUPER  FRELON. 

1.1.1.-  Les  ALOUETTE 

1.1. 1.1. -  L 1  M/OUETTE  II 

Appareil  d6velopp4  en  1955  pour  remplir  au  profit  de  I'Arraie  de  l'Air,  de  l'Arm6e 
de  Terre  et  de  la  Marine  les  missions  suivantes  : 

-  liaiBon 

-  dcolage 

-  observation  -  PC  volant 

-  sauvetage 

-  evacuation  sanitaire 

-  transport  de  passagers  et  de  fret 

-  soul&vement  de  charges. 

De  plus,  une  version  civile  a  6galement  6t6  definie. 

Les  caractdristiques  essentielles  de  ce  programme  sont  donn£es  en  planche  III. 

1. 1.1.2. -  L'  ALOUETTE  III 

Cet  appareil  n'a  pas  d6velopp6  au  titre  d'un  programme,  mais  comme  extrapola¬ 
tion  et  modernisatlOD  de  1' ALOUETTE  XX,  en  I960. 

L' appareil  6talt  destine  a  ex6cuter  avec  plus  d'aisance  les  missions  d6volues  a 
1' ALOUETTE  XII,  avec  en  plus  : 

-  pour  l'Armee  de  Terre  : 

.  la  reconnaissance  armee 
.  le  transport  de  6  commandos  £quip4s 

-  pour  la  Marine  : 


.  la  sauvegarde  porte-avions  de  jour 
.  des  missions  de  liaison  sur  petits  bailments. 


Les  caract^ristiques  de  l'ALOUETTE  III  sont  donnims  en  planche  IV. 


PLANCHE  III 
ALOUETTE  II 

-  Caractdristiques  principales 

SE  3130  moteur  :  ARTOUSTE  II  B  1 
puls 

ARTOUSTE  II  C 

SE  318  inoteur  :  ASTAZOU  II  A 

-  5  Siiges 

-  Masse  maximale  :  1600  kg 

-  Vitesse  de  croisiece  maximum  i  180  km/h 

-  let  vol  :  1955 

-  Livraisons  Etat  frangais  :  444 

(31.12.80)  Autres  utilisateurs 

frangais  et  exportation  :  861 


PLANCHE  IV  _ 

ALOUETTE  III 

-  Caract4r istiques  principales 

-  SE  316  O 

361  B  Mot«ur  ARTOUSTE  II  B 
316  C 

7  si&ges 

Masse  maximaum  :  2100  kg 

Vitesse  maximum  de  croisi^re  190  km/h 

-  SE  319  moteur  ASTAZOU  XIV 

Vitesse  maximum  de  croisi&re  197  km/h 

-  ler  vol 

-  SE  316  1960 

-  SE  319  1971 

-  Livraison 


SE  316 

SE  319 

Etat  frangais 

141 

73 

Autres  utilisateurs 

frangair  et 

1094 

111 

expor tat ion 

PLAMCHE  V 
LAMA 

-  Caract4ristiques  principales 

SA  315  B  Moteur  :  ARTOUSTE  II  B 
Masse  maximum  au  decollage  1950  kg 

2300  kg  cargo  sling 
Charge  maximale  a  l'£lingue;  :  1000  kg  cargo  sling 
Vitesse  maximale  de  crolsifere  :  193  km/h 
Plafond  a  1950  kg  :  5400  m 

-  Premier  vol  ;  1971 

-  I.ivraisons  :  290 
(31.12.80) 

H^licoptere  encore  en  production. 


1.1. 1.3.-  Le  LAMA 


Cet  appareil  a  6te  congu  pour  le  travail  a£rien  :  il  est  destine  h  potter  des 
charges  4lev4es  et  a  travalller  a  haute  altitude. 

II  correspond  a  une  cellule  d'ALOUETTE  II  sur  laquelle  est  mont£  le  groupe  moto- 
sustentateur  de  l'ALOUETTE  III. 

Ses  caract£ristiques  essentielles  sont  donn^es  en  planche  V. 
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1.1.2.-  Le  SUPER  F RELOW 

C«t  apparell  a  4t<  congu  pour  rtpondre  1  une  flche  programme  da  la  Marina  da  1962,  pour  lea 
missions  suivantas  i 

-  lutta  anti  soua-marina 

-  transport  d'assaut 

-  transport  sanitaire 

-  transport  da  frSt 

-  recuperation  de  tetes  d'engins. 

II  a  d<velopp4  1  partir  de  1961. 

Ses  caract6ristiques  essentielles  figurent  Sur  la  plancha  VI. 

PLANCHE  VI 

SUPER  F RE LON 
SA  321  C 

-  Caract4r istiques  principaleB 

SA  321  G  Trois  moteurs  TURMO  III  C  5 

C  6 
C  7 

13  OOO  kg 
255  km/h 

Marine  frangaise  :  24 

Autres  utilisateurs  frangais  et  exportation  :  74 


Masse  maximale 

Vitesse  maximale 
de  croisi^re 

~  Premier  VOl  1362 

-  Livraisons 
31.12.80 


1.2.-  Les  appareils  de  la  cooperation  franco-britannjque 

il  s’agit  des  appareils  couverts,  pour  le  d6veloppement  et  la  production,  par  l’accord  intergou- 
ve-nemental  franco-brltannique  sign4  en  mars  1977,  qui  pr4voyait  une  organisation  d£signant,  pour 
chaque  programme,  une  Agence  Executive  nationale  et  un  maitre  d'oeuvre  industriel  unique. 

Ces  h61icopteres  sont  : 

-  Ie  SA  330  PUMA 

-  le  SA  341  GAZELLE 

-  le  WG  13  LYNX 

1.2.1.-  Le  SA  330  PUMA 

Cet  appareil  a  et4  congu  pour  r6pondre  a  la  fiche  programme  de  l'Armie  de  Terre  du 
17  Hars  1962,  et  aux  caract4ristiques  militaires  precisies  le  15  juillet  1963. 

Les  missions  principales  4taient  les  sulvantes  : 

-  h4liportage  d'4l4ments  d'infanterie 

-  helitransport  en  zone  avanc6e 

-  h6litransport  a  grande  distance. 

Les  cacact6ristiques  essentielles  de  l'appareil  devaient  etre  s 

-  aptitude  au  vol  IFR 

-  mise  en  oeuvre  autonome 

-  facilit4  de  maintenance 

-  facility  devolutions  a  tres  basse  altitude. 


L' appareil  a  EtE  choisi  en  fEvrier  1967  par  le  Royaume-Uni,  pour  Equiper  lea  formations  de 
la  RAF.  Seules  done  son  Industrialisation  et  aa  production  ont  EtE  rEalisEes  en  cooperation, 
le  dEveloppement  ayant  prEcEdE  et  ayant  EtE  effectue  nationalement, 

Les  caractEristiques  essentielles  du  SA  330  sont  donnEes  planche  VII. 

1.2.2. -  Le  SA  341  GAZELLE 

Cet  appareil  a  EtE  congu  pour  tEpondre  aux  exigences  communes  f ranco-britanniques  d'en 
helicoptEre  leger  d' observation.  Les  missions  tjui  lui  sont  dEvolues  sont  les  suivantes  : 

-  reconnaissance 

-  liaison 

-  observation 

-  PC  volant 

-  suppoLt  d'armement  leger 

-  Evacuation  sanitaire 

-  transport  de  fret  leger. 

En  outre,  1'hElicoptere  peut  etre  utilise  en  appareil  ecole. 

Cet  appareil  a  EtE  developpe  et  produit  en  cooperation  SNIAS/WHL,  sous  agence  executive 
et  maitrise  d'oeuvre  frangaise. 

II  a  fait  l'objet,  en  1977,  d'une  revalorisation  (SA  342). 

Les  principales  caracteristiques  de  la  GAZELLE  sont  donnEes  planche  VIII. 

1.2.3. -  Le  WG  13  LYNX 

Cet  appareil  a  etE  dEveloppe  ^n  cooperation  franco-britannique  (SNIAS-WHL)  sous  maitrise 
d'oeuvre  et  agence  executive  btitannique.  Utilise  en  version  "utility"  par  l'Army  britan- 
nique,  il  a  Egalement  donne  lieu  a  une  version  navale  pour  la  Navy  britannique  et  la 
Marine  frangaise.  Cette  derniere  version  comportant  un  systeme  d'armes  anti-surface  et 
anti  sous-marine  (SONAR)  dont  le  dEveloppement  Etait  effectue  par  la  France. 

Les  caractEristiques  essentielles  du  LYNX  version  Marine  frangaise  sont  donnees  en 
planche  IX. 

PLANCHE  VII 
SA  330  PUMA 

Caracter .stiqdes  principales 
SA  330  Moteurs  2  TIJRMO  III  C  4 

18  passagers 
ou 

12  commandos 

Masse  maximale  6,7  T 
7  T 
7,4  T 

Vitesse  maximale 
de  croisiere  258  Km/h 

Premier  vol  :  1965 

Livraison  (31/12/80)  Etat  frangais  :  173 

Etat  britannique  :  44 

Autres  utilisateurs 
frangais  et  expor-  :  440 
tation 


PLANCHE  VIII 


GAZELLE 

Caracteristiques  principales 

-  SA  341  Moteur  ASTAZOU  III  N 

-  5  sieges 

-  Masse  maximum  1800  kg 

-  Vitesse  de  croisiere  maximum  240  km/h 

-  sa  342  Moteur  astazou  xiv 

-  5  sieges 

-  Masse  maximum  1900  kg 

-  Vitesse  maxumum  de  croisiere  264  km/h 

Premier  vol 

-  SA  341  1968 

-  SA  342  1970 


Livraisons 

(31.12.80) 


Etat  frangais  :  189 
Etat  britannique  :  243 
Autres  utilisateurs 
frangais  et  export  :  414 


PLANCHE  IX 
LYNX  MK  2 

CaractEristiques  principales 

Deux  moteurs  ROOLS  ROYGE  BS  360  GEM  2  900  SHF  (671  kW) 

-  Masse  maximale  :  4421  kg 

-  Vitesse  de  croisiere  maximale  :  140  knots  (259  km/h)  9  »  0  ISA  +  15°  C 

-  Missions  principales 


A  -  DEtection  et  attaque  di  sous-marins  (ASW) 
B  -  Recherche  de  surface  par  radar 
C  -  Attaque  de  bateaux  de  surface 
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1.34-  Leg  appacolla  de  la  nouvclie  qamme 

Ce  sont  lea  appareils  qui  constituent,  actualleroent#  l'essentiel  de  la  production  nationale  fran- 
gaise,  et  qui  sont  repres^ntatif a  de  l'6tat  de  la  technologic  nationale,  II  s’agit  des  appareils 
de  la  famille  DAUPHIN,  den  ECUREUILS  et  du  SUPER  PUMA. 

1.3.1. -  Lea  appa; eilfe  de  la  famille  DAUPHIN 

Le  dauphin  a  6te  initialement  developp6  comme  le  successeur  de  l’ALOUETTE  III,  avec  le 
DAUPHIN  Sr.  360,  de  2800  kg.  Cependant,  la  demande  du  march£  se  pr£cisant,  une  version  plus 
lourde  et  bimotor iseo  a  6te  developpe  (SA  365  C)  puis  une  version  de  performances  amdlio- 
rees  a  vu  le  jour  {SA  365  N) . 

C’est  ce  dernier  appareil,  qui  incorpore  les  caract£ristiques  les  plus  avancees  de  la  tech¬ 
nologic  frangaise  (moyeu  rotor  et  pales  en  mat6riaux  composites,  rotor  AR  fenestron,  etc...) 
qui  constitue  le  cheval  de  bataille  de  la  production  nationale  dans  le  creneau  dea  bimoteurs 
moyens,  et  qui  a  cemporte  plusieurs  succes  importants  a  I'exportation. 

Les  principales  car act er istiques  dcs  appareils  de  la  famille  DAUPHIN  sont  donn6es  planche  X. 

1.3.2. -  Les  appareils  de  la  famille  ECUREUIL 

Ces  appareils  ont  6te  developpes  pour  creer,  dans  la  gamme  des  h6licopt&res  legers,  des 
produits  susceptibles  de  prendre  la  suite  des  ALOuETTES  II  et  III,  de  caracter istiques 
modernes  et  attract if s  vis  a  vis  de  la  concurrence. 

Developpe  ini  tial^rtient  en  version  monomoteur  (avec  moteur  americain  pour  le  marche  de 
l’Amerique  du  Nord)  I'ECUREUIL  esc  le  resultat  d'un  effort  part iculierement  pousse  d'ana- 
lyse  de  la  valeur. 

Une  version  himoteur,  destinee  elle  aussi  au  marche  americain,  a  ete  realisee,  et  a  rencon¬ 
tre  un  succes  rapide. 

Les  caracter istiques  des  appaeils  ECUREUIL  sont  donnees  planche  XI, 

1.3.3. -  Le  SUPER  LUMA 

Cet  appareil  a  ete  developpe  pour  donner  un  successeur  au  PUMA,  avec  un  produit  plus  moder¬ 
ns,  ajT.t  lior  c ,  et  SuSCcptiijic  de  SCulci'iii'  la  COwuui.  TruCe  ViS  a  Via  de  I’UTTAS  ueb  E  La  La-uni  a . 

II  s'agit  d’une  revalorisation  du  PUMA,  dont  i\  reprend  la  forme  de  fuselage,  mais  en 
realite  cet  appareil  est  le  resultat  d'un  effort  considerable  de  develoopement,  qui  a 
concerne  la  structure  (amelioration  des  caracter istiques  anticrash)  les  ensembles  mecani- 
ques  et  la  motor  i  sac  ion  (revalorisation  des  performances  p*r  adoption  de  turbines  MAKILA 
nouvelles)  qui  a  ete  guide  par  le  souci  d'ameliorer  la  facilite  et  l'economie  de  mise  en 
oeuvre  de  la  machine. 


PLANCHE  XII 


SUPER  PUMA 

-  Caract6rlstiques  principales 

-  AS  332  Moteurs  ;  2  MAKILA 

-  21  passagers 

-  Masse  totale  :  7800  km 

-  Vitesse  maximum  de  286  km/h 

-  Premier  vol  1978 

-  Livraisons  2 

-  Ccmmandes  51 


2,  CAtACTERISTIQUES  DES  DEVELOI PEMENT  D ' HELICOPTERES  FRANCAIS 

Les  caracteristiques  essentielles  qui  se  degagent  de  cette  revue  du  developpement  des  helicopteres  en 
France  sont  a  mon  avis  les  suivantes  : 

Premierement,  l'on  constate  que  1* effort  de  developpement  des  helicopteres  en  France  a  permis  a  l'indus- 
trie  nationale  de  proposer  une  gamme  tres  etendue  d'appareils.  Actuellement  encore,  alors  que  la  produc¬ 
tion  d'ALOUETTE  II  est  terminee,  1 'Aerospatiale  est  sans  doute  l'helicopt4riste  mondial  qui  propose  la 
gamme  de  produits  la  plus  etendue.  Cette  vaste  gamme,  qui  exclut  cependant  les  extremit4s,  c’est  a  dire 
l'helicoptere  tres  leger  ou  l'helicoptere  tres  lourd,  est  le  r4sultat  d'une  politique  d41iber4e  de 
l'industrie  et  des  services  publics.  Outre  un  interet  commercial  evident,  elle  presente  l'avantage  de 
conftonter  l'industrie  nationale  a  1' ensemble  des  problemes  techniques  poses  par  l'helicoptere,  et  ceci 
constitue  un  element  stimulant  pour  des  equipes  techniques  et  industrielles,  qui  ainsi  peuvent  se  tenir 
pretes  a  aborder  dans  de  bonnes  conditions  et  avec  experience  le  developpement  d'un  appareil,  dans 
n' i.iporte  quel  cr4neau  pour  lesquelles  se  dtssineraient  des  perspectives  commerciales  interessantes. 

Cette  politique  a  etc  rendue  possible  par  la  vitalite  du  motoriste  national,  qui  avait  su  acquerir  dans 
les  an, -tees  1950  une  ansrce  certaine  dans  le  domaine  des  petites  turbomachines  ( 1 ' ALOUETTE  II  a  4te  le 
premier  helicoptere  a  turbine),  et  qui  a  su  developpcr  car.  activity  lea  turbines  de  plus  grande 

puiscjnco. 

Deuxiem.ment,  l’on  observe,  sur  l'historique  des  developpements  d'h41icopteres  frangais,  certaines  pe- 
riodicites  interessantes  : 

D'abord  une  periode  d'environ  3  ans  entre  l'apparition  de  nouveaux  modeles  :  cette  periodicite  est  tres 
importante  pour  le  maintien  du  pc.tentiel  technique  de  la  branche  :  en  effet,  dans  un  domaine  a  1 'evolution 
technique  rapide,  la  competitivite  s'incarne  dans  ur.e  equipe  de  techniciens  capables  d '  innovation.  II  est 
impossible  de  maintenir  cette  equipe  "dans  la  course”  sans  un  exercice  permanent,  qui  est  constitue 
justement  par  la  sortie  de  prototypes  rcguliecement  echelonnes.  Cette  periodicite  de  2  a  3  ans  correspond 
a  la  duree  de  l'etude  d'un  prototype,  et  le  fait  qu'elle  ait  pu  etre  respectee  (en  particulier  dans  les 
annees  1960  grace  a  la  continuite  des  programmes  militaires  ofi'iciels)  ,  a  constitue  sans  aucun  doute 
un  element  decisif  des  succes  passes  et  actuels. 

Ensuite,  la  periode  de  vie  d'un  appareil  (entre  le  debut  de  l'etude  prototype  et  I'cbsclcsccr.ce  technique 
commerciale  ou  operationnelie)  pouvant  etre  chiffrcc  a  une  vingtaine  d’ann4es,  l'on  s'est  efforce  de  pro- 
ceder  a  des  revalorisations  de  l'appareil  a  mi-vie,  en  montant  un  moteur  plus  performant,  et  en  appli- 
quant  de  nouvelles  techniques  . 

Expmples  :  AL  II  ARTOUSTE  1951 
AL  II  ASTAZOU  1962 
AL  III  ARTOUSTE  1960 
AL  Ill  ASTAZOU  1970 
PUMA  T  III  CA  1969 
SUPER  PUMA  (MAKILA)  1980. 

Cette  politique,  qui  maintient  la  compititivite  des  produits  et  rentabilise  au  maximum  les  efforts  de 
developpement,  a  ete  pratiquee  en  France  avec  bonheur,  et  a  ete  encouragee  par  les  services  publics. 
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3.  MQDALITES  DE  L* ACTION  DE5  SERVICES  PUBLICS 

Lea  r4sultats  obtenus  par  la  France  dans  le  pass4  pour  les  helicopt4reB  peuvent  etre  conaid4res  rorune 
flatteurs.  Ils  sont  dut  bien  sur  d'abord  au  dynamisme  de  1' Industrie  nationale  cellule  et  moteurs,  male 
aussi,  dans  une  mesure  importante,  a  1* action  des  services  publics.  Cette  action  a  revetu  dee  formes 
varices- 

En  premier  lieu,  les  armies  nationales  ont  finance  int4gralement  les  Etudes  et  le  d4veloppement  d'un  cer¬ 
tain  nombre  de  programmes  (AL  II,  PUMA/  SUPER- FKELON/  GAZELLE)  et  assur4  le  d4bouch4  industriel  initial 
de  ces  programmes:  on  a  vu  que  dans  les  annees  1960,  la  continuity  et  la  frequence  des  besoins  railitai- 
res  avait  constitue  un  element  tres  important  de  stimulation,  qui  a  largement  concourru  a  cr4er  dans 
1' Industrie  une  equipe  de  haute  compe titivite . 

Mais  ce  qui  etait  possible  dans  un  contexte  de  croissance  rapide  du  secteur  helicoptere  et  alors  que  les 
forces  arraees  accedalent  a  1 ' helicoptere,  est  moins  facile  dans  ces  dernieres  annees,  alors  que  le  march4 
militaire  national  se  trouve  equipe  et  relativement  satur4  par  des  produits  dont  la  long4vit4  a  augment^, 
et  des  lors  que  les  d4veloppements  se  sont  relativement  rencheris. 

D'autre  part,  dans  les  dernieres  annees,  1' Industrie  nationale  a  resolument  attaqu6  le  march4  civil,  avec 
des  produits  qui  lui  etaient  adaptes. 

Dans  ces  conditions,  les  Services  publics  ont  cherche  a  mettre  en  oeuvre  d'autres  moyens  d' action  pour 
favoriser  et  guider  1' effort  de  developpement  des  helicopteres  en  France.  C'ect  ainsi  que  s'est  develop- 
pee  une  politique  d'avances  remboursables  consenties  par  le  Ministere  des  Transports  et  gerees  par  le 
Ministere  de  la  Defense,  et  d'avances  remboursables  consenties  par  le  Ministere  de  I'Economie*  Ces  avan- 
ces  ne  correspondant  qu'a  une  partie  de  l'effort  de  developpement  industriel,  se  caract4rioent  par  des 
conditions  de  remboursement  avantageuses,  et  amenent  l'Etat  a  partager  pour  une  part,  le  risque  initial 
de  developpement  et  d' industrialisation  des  programmes.  Les  programmes  DAUPHIN,  ECUREUIL  et  celui  du 
moteur  ARRIEL  ont  benefici4  de  telles  avances.  II  est  a  noter  toutefois  que  ce  s/Gteme  presente  evidem- 
ment,  prr  rapport  au  systeme  de  financement  des  developpement  par  le  budget  des  armees,  1' inconvenient 
commercial  de  grever  le  prix  des  mater iels  produits  du  montant  des  remboursements  dus. 

Enfin,  des  formules  de  soutien  mixtes  ont  pu  etre  envisagees  :  c'est  en  particulier  le  cas  pour  le 
SUPER  PUMA  et  son  moteur  MAKILA,  appareil  a  vocation  polyvalente  militaire  et  civile,  dont  le  develop¬ 
pement  a  ete  soutenu  a  hauteur  de  65  %  par  l'Etat  sous  la  forme  d'un  financement  budgetaire  militaire, 
d'une  avance  du  Ministere  des  Transports  et  d'une  avance  du  Ministere  del’ Economic. 

Troisiemement,  les  pouvoirs  publics  se  sont  preoccupes  de  soutenir  et  d'orienter  1' action  industrielle 
dans  le  domaine  de  la  preps  rat ion  de  1'avenir. 

C’est  ainsi  qu*un  programme  de  recherches  et  d'etudes,  concernant  1' ensemble  des  disciplines  de  l'heli- 
coptere  est  mene  dans  l'industrie  et  dans  les  centres  officiels.  Ce  progtamme,  d'un  volume  croissant, 
correspond  pour  la  part  effectuee  par  1 'Aerospatiale  en  1981  a  plus  de  2,5  %  du  chiffre  d'affaire  de 
cette  societe,  et  est  soutenu  par  l'Etat  pour  plus  de  la  inoitie,  1' autre  part  etant  autofinancee  pa.r 
l'industrie.  C'est  dans  les  actions  menees  au  titre  de  ce  programme  qu'il  fout  rechercher  l'origine  de 
certa-ns  Elements  qui  ont  constitue,  apres  developpement  comp lementa ire  au  titre  des  programmes,  des 
atouts  des  helicopteres  frangais  de  la  nouveilc  gamrne  (p-ales  plastiques,  elements  de  structure  en 
materiaux  composi':«i  n.oyeux  en  materiaux  composites,  rotors  AR  de  type  fenestron) . 

4.  PERSPECTIVES  POUR  L* AVENIR 


Le  marche  mondial  de  1' helicoptere  est  en  expansion  a  un  taux  de  l'ordre  de  6  a  6  %,  (alors  que  la  ten¬ 
dance  d'accroissement  du  pare  militaire,  dans  ce  marche  est  plus  faible,  de  l'ordre  de  1,5  a  2,5  %). 

Dans  ces  conditions,  et  compte  tenu  de  la  position  qu'elle  occupe  actuellement,  le  France  envisage  I’a- 

venir  dans  le  domaine  des  helicopteres  avec  dynamism® . 

En  ce  qui  concerne  les  programmes  militaireu  future,  les  besoins  pr4visibles  sont  les  suivants  : 

-  un  helicoptere  antichar  de  2eme  g4n4ration,  capable  du  tir  de  nuit  et  dot4  si  possible  d'une  capacite 
d'appui-protection,  d'une  masse  inf4rieure  a  quatre  tonnes,  et  devant  entrer  en  service  a  la  fin  des 
annees  1980.  La  France  et  la  RFA  examinent  actuellement  la  faisabilite  d'un  tel  programme  en  coopera¬ 
tion,  dans  le  cadre  des  d4lais  et  des  montants  budo4taires  impartis 

-  un  helicoptere  de  transport  tactique  ae  .r.csse  moyenne,  ass urant  la  releve  des  PUMA  et  SUPER  PUMA,  et 
presentant  par  rapport  &  ces  appareil1-  des  avantages  op4ratior.nels  et  de  cout  d'entretien  significa- 
tifs,  pour  une  mise  en  service  au  d4but  des  ann4es  1990,  et  dont  devra  d6river  une  version  marine 

-  un  helicoptere  legec  d'observati*  n  et  de  liaison,  pour  remplacer  dans  le  courant  des  annees  1990  les 
ALOUETTES  obsolescentes . 

Pour  le  march4  cLvil,  il  faudra  prevoir,  dans  la  logique  de  la  g amine  de  produits  actuels  : 

-  des  ameliorations  de  1 'ECUREUIL,  pour  maintenir  sa  competitivite  sur  le  marche  mondial 

-  la  poursuite  de  la  carri4re  du  DAUPHIN,  dans  le  cr£ncau  tres  convoit£  des  bimoteurs  moyens,  grace  a  une 
revalorisation  passant  par  une  motorisation  amclioree  utilisant  une  nouvelle  turbine  aux  caract4risti- 
ques  comparables  a  celles  des  moteur s  du  programme  ATDE  (revalorisation  accompagn4e  d'une  diversifica¬ 
tion  de  1' appareil  vers  lea  utilisations  militaires) 

-  un  successeur,  amelior4  sur  le  plan  de  la  technologie  et  du  cout  d'operation,  des  PUMA  et  SUPER  PUMA,  h 
1’ horizon  1995 
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-  enfin  un  h4licopt4re  pouvant  succ4der,  avec  une  technologie  moderne  et  des  couts  riduits,  au  LAMA  dans 
son  cole  de  travail  airier,. 

Quelles  devront  etre  dans  ces  conditions  les  ligires  directives  de  1' action  des  services  officlels  : 

*  D'abord  orlenter,  de  fagon  ginirale,  les  actions  d’itudes  et  de  d4velopperaent  dans  le  sens  de  la  poly¬ 
valence  des  matiriels,  de  sorte  que  les  besoins  civile  et  militaires  puissent  etre  remplis  par  des  ma¬ 
terials  prisentant  le  maximum  de  communaliti  (ce  qui  ne  veut  pas  dire  qu'il  ne  sera  pas  nicessalre,  pour 
tel  ou  tel  besoin  mllltaire  ou  civil  bien  ldentifii,  de  divelopper  des  mat4riels  specialises) 

-  Ensuite,  et  de  fagon  corollaire,  promcuvoir  au  niveau  officiel  une  politique  concertie  d*as60ciation  de 
financements  militaires  et  de  concours  civile  (en  provenance  du  Ministre  des  Transports  et  de 
l'Economie),  dont  un  exemple  peut  etre  pris  dans  la  fagon  dont  le  programme  SUPER  PUMA  a  iti  soutenu 
par  l'Etat 

-  Troisiimement,  accentuer  l'effort  itatique  et  industriel  sur  les  actions  de  preparation  de  l'avenir,  de 
sorte  a  maintenir  le  niveau  technologique  du  secteur  helicoptere,  et  4  le  preparer  a  valncre  les  points 
durs  des  diveloppement  a  venir 

-  Enfin,  pro.mouvoir  la  cooperation  europienne.  On  a  vu  a  quel  point  la  cooperation  franco-britannique 
avait  eu  un  effet  stimulant  et  favorable  sur  l'actlviti  hilicoptire  en  France  ■  L'extension  au  niveau 
europien  de  cette  cooperation,  qui  se  justifie  par  la  concomitance  des  besoins  europiens  sur  l'ensemble 
des  programmes  militaires  futurs,  est  une  nicessiti  pour  le  futur,  et  constitue  une  chance  que  nous 
devrons  saisir,  ce  a  quol  nous  nous  priparons. 


14-1 


1 


ENTREES  D* AIR  D'HELICOPTEKES 
A,  VUILLET 

Ingenieur  -  Service  Aerodynamique  -  Bureau  d'etudes  SNIAS 
13725  MARIGNANE  CEDEX  -  FRANCE 


RESUME  -  Sur  les  helicopteres  de  faible  ct  moyen  tonnage,  pour  des  raisons  d 'archi tecture  de  l'appareil,  les 
moteurs  sont  situes  en  arriere  de  la  tele  rotor,  ce  qui  rend  leur  alimentation  tres  malaisee  :  c'est  le  cas 
en  particulier  de  l'Ecureuil  AS  350  et  du  Dauphin  SA  365  qui  sont  equipes  de  moteurs  de  nouvelle  generation  ; 
ces  turbonioteurs  sont  A  aspiration  axiale  ou  annulaire  suivant  que  le  reducteur  est  situe  du  cote  de  la  tu¬ 
yere  ou  du  compresseur. 

Une  etude  approfondie  des  entrees  d'air  des  le  stade  du  pro jet  peut  permettre  de  les  concevoir  avec  un  mini¬ 
mum  de  repercussions  nefastes  sur  la  puissance  fournie  par  les  moteurs,  sur  la  trainee  de  l'appareil  et  les 
risques  de  pompage. 

De  ce  fait,  une  telle  etude  est  susceptible  de  reduire  sensiblement  les  delais  et  done  les  couts  de  mise  au 
point  en  vol.  Cet  expose  resume  les  methodes  utilisees  a  1' Aerospatiale  et  les  resultats  obtenus  en  vol  sur 
difffirents  appareils. 


NOTATIONS 

A  =  Surface 
V  =  Vitesse 
P  =  Pression  statique 
Pq-  =  Pression  totale 
p  =  Masse  volumique 
DC60  =  Indice  de  distorsion 

=  (Ppj  sur  un  secteur  de  60°)  minimum  -  Pp2 


INDICES 

=  Valeur  moyenne 
0  -  In fin i  amont 

1  =  Entree  d'air 

2  =  Compresseur 
4-5  =  Venturi 

6  =  Sortie 


1.  INTRODUCTION 

Dans  une  grande  partie  du  domaine  altitude-temperature,  les  performances  des  helicopteres  bi-moteurs  sont 
limitees  par  la  puissance  disponible  plutot  que  par  la  capacite  des  organes  de  transmission. 

En  particulier,  pour  ceux  qui  sont  soumis  a  la  FAR  29,  categorie  A,  la  panne  moteur  au  decollage  est  tres 
severe  ;  dans  le  cas  du  DAUPHIN  bimoteur  SA  365,  par  exemple,  5  %  d'ecart  sur  la  puissance  moteur  represen- 
tent  180  kg  de  masse  decollable. 

Ce  cn.’ftre  de  5  t  correspond  a  une  valeur  courante  des  pertes  de  puissance  a  l'avionnage  relevees  sur  les 
helicoptlres  qui  n'ont  pas  fait  l'objet  d'une  etude  poussee  de  l'interface  aerodynamique  moteur-fuselage  et 
en  particulier  des  entrees  d'air. 

Cet  expose  decrit  les  problemes  poses  par  la  definition  des  entrees  d'air  moteur  : 

-  fonctionnement  aerodynamique  dans  lout  le  domaine  de  vol,  pertes  de  puissance,  augmentation  des  consom- 
mations,  diminution  de  la  marge  au  pompage  des  moteurs,  decollements  sur  le  fuselage  penalisant  l’appareil 
en  trainee, 

-  adaptation  a  1 ' environnement  =  protection  des  moteurs  a  l'ingestion  de  corps  etrangers,  sable,  givre, 

-  facilite  d' installation  dans  la  structure  de  l'appareil  et  maintenance  en  service. 

Les  methodes  employees  A  1 'Aerospatiale  Marignane  sont  developt^es  ainsi  que  les  resultats  obtenus  par 
une  approche  systematique  sur  differents  appareils  recents  commt  les  DAUPHIN  SA  365N,  SA  366G  Coast  Guard, 
TWINSTAR  AS  355  et  SUPER  PUMA  AS  332. 

2.  PROBLEMES  POSES  PAR  LES  ENTREES -D'AIR  D' HLLICOPTERE 

2.1.  Fonctiornement  aerodynamique 

Pertes  de  puissance  A  l'avionnage 

Elies  sont  dSfinies  par  les  ecarts  de  puissance  constates  entre  le  banc  et  le  vol,  A  meme  regime  reduit 
du  generateur.  Ces  pertes  sont  frequentes  et  peuvent  provenir  : 

-  d'une  reingestion  d'air  chaud  provenant  du  refroidissement  d'huile,  du  recyclage  des  gaz  d'6chappe- 
ment  par  le  rotor  principal  ou  directement  des  tuydves  moteur  dans  les  configurations  de  vent  arriere.  Rap- 
pelons  que  1°C  d'elevation  de  temperature  moyenne  dans  l'entree  d'air  coute  environ  0,8  %  de  puissance. 

-  de  pertes  de  charge  ou  de  perturbations  de  l'ecoulement  moyen  dans  l'entree  d'air  :  en  moyenne,  1  % 
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(ou  10  mb)  de  perte  de  pression  totale  correspond  £  au  nioins  2  %  de  perte  sur  la  puissance  disponible.  L'cf- 
fet  des  distorsions  de  pression  et  de  la  turbulence  est  mal  connu ,  mais  peut  etre  responsable  de  pertes  in- 
expliquees  par  deterioration  du  rendement  compresseur. 

feyxes  5Vr  lSS 

Ces  pertes  peuvent  etre  importantes  et  proviennent  d'une  deterioration  du  cycle  thermique  du  moteur. 

Eiles  peuvent  etre  causees  par  : 

-  une  elevation  de  temperature  moyenne  d  1* entree  compresseur 

-  une  diminution  du  rendement  compresseur  due  aux  distorsions  de  pression. 

Augmentation  de  la  trainee  appareil 

Une  surface  d' entree  d*air  et  une  levre  mal  adaptee  peuvent  entralner  des  decollements  sur  les  capots 
responsables  d*une  augmentation  de  l'ordre  de  10  %  de  la  trainee  de  1’ appareil  complet. 

Problemes  de  pompage ,  mise  au  point  en  vol 

Ces  problemes  sont  les  plus  delicats  parce  qu’ils  font  intervenir  le  dialogue  motoriste-avionneur ,  sans 
que,  en  l1 absence  de  criteres  et  de  mesures  precises,  la  responsabilite  de  l'un  ou  de  1' autre  ne  puisse  etre 
clairement  etablie. 

Les  problemes  de  pompage  par  vent  arriere  ont  souvent  exige  une  mise  au  point  en  vol  fastidieuse  qui 
about it  en  g&n§ral  £  des  modifications  de  tuyeres. 

Tous  ces  points  ont  des  repercussions  importantes  sur  les  performances  de  l'appareil,  con sommat ions, 
distances  franchissables ,  masse  decollable,  vitesse  maximum,  cout  de  developpement . 

2.2.  Adaptation  aux  conditions  de  vol 

Le  bon  fonctionnement  du  moteur  dans  tout  le  domaine  de  vol  est  ^  demontrer  par  l'avionneur  pour  obte- 
nir  la  certification  de  1* appareil.  Dans  ce  but,  il  faut  proceder  a  des  essais  d' ingestion  de  corps  etran- 
gers  (oiseaux,  grelons,  etc...)  et  des  essais  de  givrage. 

Sur  les  appareils  recents,  une  protection  efficace  est  assuree  par  une  grille  (diametre  du  fil  0,8  mm  - 
maille  de  5,5  mm)  montee  devant  1' entree  d'air  eventuellement  munie  de  raidisseurs.  Ce  dispositif  est  pena- 
lisant  en  performances,  surtout  en  vol  d 'avancement ,  car  il  produit  une  perte  de  charge  et  une  trainee  im- 
portante  cl  grande  vitesse. 

Certaines  conditions  d 'utilisation  exigent  meme  l’emploi  d'un  filtre  anti-sable  constitue  d'un  grand 
nombre  de  tubes  Vortex  separant  les  particules  solides  .ar  centrifugation.  La  perte  de  puissance  et  de  masse 
decollable  due  a  cet  accessoire  peut  etre  elevee. 

Le  spectre  de  bruit  des  entrees  moteurs  est  noye  dans  le  spectre  general  et  ne  fait  pas  l'objet  d' etu¬ 
des  systematiques. 

2.3.  Installation. dans  la  structure  appareil 

Les  criteres  suivants  peuvent  orienter  le  choix  d'une  solution  : 

-  facilite  de  maintenance  sous  capots 

-  legerete 

-  esthetique,  en  particulier  pour  le  marche  civil,  oil  les  entrees  d'air  simples,  de  type  PITOT,  sont 
diff icilement  acceptees. 

Le  dessin  des  tranches  a  air  est  Darticulierement  comnlique  dans  le  cas  des  moteurs  situcs  en  arriere 
de  la  tcte  rotor  :  il  est  impossible  d'eviter  des  coudes  ou  une  longueur  importante  de  manche  a  air.  Le  sou- 
ci  d'eviter  les  fuites  dans  celle-ci,  causes  de  pertes  importantes  par  reingestion  de  gaz  chauds,  peut  ren- 
dre  necessaire  1 1  installation  de  joints  mobiles,  autorisant  l'ouverture  des  capots  d'acccs  aux  organes 
meeaninnpK. 

3.  MQYENS  EXPERIMENTAUX  EN  VOL 

Les  essais  d'entrecs  d'air  en  vol  sont  tres  difficiles  a  analyser  et  cl  interpreter  tant  qu'il  n'est  pas 
possible  de  disposer  un  peigne  comportant  un  nombre  suffisant  de  prises  de  pression  tot  ales  devant  le  com¬ 
presseur,  et  d'effectuer  des  mesures  simultanement  sur  toutes  les  sondes  au  cours  du  meme  vol. 

Actuellement ,  sont  utilises  une  douzaine  de  capteurs  different iels  classiques  relies  aux  sondes  par  une 
certaine  longueur  de  tuyau. 

Une  etude  visant  a  developper  un  equipement  de  mesures  instat ionnaires  est  en  cours. 

Les  ingestions  de  temperature  sont  estimees  a  l'aide  de  sondes  a  thermocouple. 

4.  MQYENS  EXPERIMENTAUX  EN  SOUrFLEPIE 

Ce  sont  essentiellement  des  outils  de  verification  des  hypotheses  emises  au  niveau  de  la  definition  :  i)s 
permettent  I'analyse  fine  des  ecoulcments  et  la  quantification  des  performances  de  l1 entree  d'air. 

La  figure  1  montre  le  principe  de  fonctionnement  d’une  maquette  echelle  1/2  construite  a  l'origine  pour 
l'essai  des  entrees  d'air  du  Dauphin  bi-moteur  SA  365C. 

En  reglant  la  vitesse  du  vent  dans  la  veiue  soufflerie,  l'attitude  de  la  maquette  et  de  debit  des  venti- 
lateurs  d' aspiration  interne,  il  est  possible  de  simuler  le  fonctionnement  de  1' entree  d'air  moteur  sur-  pra- 
tiquement  tout  le  domaine  de  vol  defini  pai  les  parametres  vitesse,  incidence,  dorapage,  altitude~densit£ , 
debit  masse  du  moteur. 

Etude  de  1 1 ecoulement  interne 

Pour  chaque  cas  de  vol  simule,  un  sondage  est  effectue  par  le  peigne  tournant  equipe  de  sondes de  pres- 
sions  totales  et  par  les  sondes  statiques  disposees  £  la  paroi.  On  obtient  : 

-  la  perte  de  charge  moyenne 
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-  I1 indice  de  distorsion 


Les  capteurs  de  pression  sont  monte s  derriere  un  scanivalve  relic  aux  sondes  de  press ion  par  une  longueur 
de  tuyau.  Avec  la  chaine  de  mesure  utilisee,  pour  1 ' instant  cette  installation  ne  permet  pas  de  mesures  ins- 
tationnaires  precises  mais  1 1 "epaisseur"  du  signal  releve  donne  des  Indications  sur  le  niveau  de  turbulence 
de  l’ecoulement  au  niveau  des  entrees  moteur  et  permet  de  classer  sur  ce  critere  les  differentes  configura¬ 
tions  de  maquettes. 

Des  mesures  de  temperature  peuvent  etre  effectuees  a  l'aide  de  thermocouples  places  sur  les  sondes  i 
peigne  de  mesure  :  en  simulant  une  source  d’eir  chaud  sur  la  maquette,  les  sondages  de  temperature  per.  t- 
tent  d'apprecier  la  quant ite  d'air  chaud  ingere. 

Mesure  des  trainees 

La  maquette  echelle  1/2  aspire  et  ejecte  le  flux  interne  de  simulation  des  debits  moteur  &  l'interieur 
de  la  veine  de  la  soufflerie  :  1’eusemble  est  pcse  pour  effcctuer  des  mesures  comparatives  de  trainee.  Le 
schema  est  conforme  a  la  figure  1. 

L’ccart  de  pression  merure  par  le  venturi  entre  les  sections  m  et  5  donne  le  debit. 

La  pousseedue  au  dispositif  d'ai-pirat^ion,  projetee  sur  l1  axe  de  la  maquette  est  par  definition  la  diffe¬ 
rence  entre  les  ilux  dynalpiques  G  =  pA  +  pv2  a  entrant  et  sort  ant, 

T  =  GG  -  Gq 

qui  peut  s’ecrire 

T  =  (Gg  “  Gi)  t  (Gi  -  G0) 

Le  terme  G6  -  G*  represente  la  resultante  des  actions  de  la  veine  d’air  comprise  entre  les  sections  (1) 
et  (6)  sur  1* ensemble  manches  internes,  vent ilateurs,  tuyeres. 


Le  terme  Ci  -  Go  represente  la  poussee  externe  theorique  exercee  par  Inspiration  sur  la  carene. 

La  trainee  externe  de  1 ’entree  d’air  est  la  difference  entre  cette  poussee  theorique  et  la  poussee  effec¬ 
tive  Tc  que  peut  realiser  cette  carene  changee  de  signe  : 

Tox  =  -  [(Gj  -  Go)  -  Tc] 

Pour  pouvoir  comparer  2  entrees  d’air,  en  se  plaqant  ^  meme  debit  moteur,  de  mar. i ore  a  respecter  le  coef¬ 
ficient  de  debit  impose  par  le  cas  do  vol  rimnle,  il  faut  realiser  la  meme  dynalpie  de  sortie 

,;’G  -  ‘d6  *6  +  P  6  ^5 
r.^  tnant 

2  2 

.  *  o5  V,  -  V.,  constant 

--venturi  4 

La  condition  Pg  Ag  =  constante  n'est  pas  reali*  ablo  s;mu:.tanement  de  maniere  rigoureuse  avec  les  venti- 

egen  u.  rrcction.  d. .  qucficnt ,  on  cta*/lit  les  caractcnstiqucs  dc  tj'uincc 
en  fonction  du  coefficient  de  debit  en  mairtenant  coni  tail  I’ecart  de  pression  mesure  au  venturi  etalonne 
et  en  faisant  varier  la  v'tesse  du  vent.  On  offectue  en  cnaque  point  la  correction  de  pression  du  jet. 

Etude  de  l'ecoulement  externe 


La  condition  Pg  Vg  Ag  est  rr^iisee  en  in* 

f.L 


L'etude  des  recyclages  d’air  chaud  par  le  re  for  principal  r.’^st.  possible  qu’a  une  echelle  beaucoup  plus 
reduite,  l/7e  ou  l/10e  suivant  les  appareils.  Ce  type  d'essait  permet  d‘ analyser  les  trajectoires  dc  gaz 
chauds  dans  les  configurations  de  vol  critiques,  oomme  cell?  de  3a  figure  2  pour  le  SUPER  PUMA,  AS  332. 

A  cause  de  la  taille  des  maquettes,  il  est  vres  difficile  dc  r-.imuler  directement  le  champ  de  temperature. 
Les  jets  chauds  sont  simules  a  froid  par  injection  de  gaz  carbon iq-e-  La  mesure  de:  concentrations  locales 
est  faite  par  tubes  reactifs  et  1 ’ application  d’une  loi  de  similitude  concent rat  ions -temperatures  donne  une 
estimation  de  la  quantite  d'air  chaud  reingere  par  les  vifrees  d'air  moteur  par  exemple.  Des  phenomenes  ana¬ 
logues  a  ceux  mentionnes  par  Boeing  lors  de  l’etude  de  l'UTTAS  ont  pu  etre  mis  en  evidence  (reference  1). 


5.  METHODES  D» ETUDE  MI$ES  EN  OEUVRE 

La  figure  3  resume  les  parametres  cles  du  fonct ionnement  des  entrees  d’air  sur  lesquels  il  est  possible 
d’intervenir  au  stade  du  projet. 

Quelle  que  soit  la  solution  choisic,  les  performances  effr.'-w  ives  du  moteur  on  vol  dependent  esscntielle- 
ment ,  a  tuyere  donnee  : 

-  du  niveau  de  pression  totale  moyen  devant  le  compresseur 

-  du  niveau  de  temperature  t^tale  moyen  devant  le  compresseur. 

Les  performances  du  moteur  sonL  mesurees  par  le  constructeur  au  bare  dan.  cvr'.l.i  t  ions  du  point  fixe 

dc  l’hclicoptcrc,  (pression  totalc  a  lf entree  =  pression  statique  ambiante)  avec  un  pavilion  d ‘entree  don  • 
nant  des  distributions  presque  ideales. 

Pratiqucment ,  le  champ  des  pressions  totales  n'est  jamais  uniforme  devant  le  compre^ veur  :  les  ocarta 
avec  la  pression  totalc  moyenne  sont  caracterises  par  un  indice  de  distorsion  (hearts  dans  I’espace)  comme 
le  DC  60  et  par  un  taux  de  fluctuations  ou  de  turbulence  par  rapport  i  1 'ecoulement  mojcn  (ecarts  dar.~  lc 
temps) . 

Fonctionnenient  en  vol  stationnaire 

Le  moteur  aspire  dans  tout  I'espace  autour  dc  l'entrcc  d'air,  mais  i ' inf luence  de  cette  as;  iration  dimi- 
nue  trds  rapidement  avec  la  distance.  La  puissance  duirandee  au  motet.1'  impose  le  debit  masse  ei.  la  vi- 
tesse  V^.  (•: f .  figure  4) 

Le  fonct ionnement  des  levres  peut  etre  explique  de  la  mariere  suivant e  :  les  filets  d’air  prociies  de  la 
levre  d’entree  doivent  contourner  celle-ci  et  accelerer  dc  la  vitessc  0  a  la  v.i  fosse  v^.  La  cou>  bare  des 
ligues  de  courant  correspond  &  une  depression  repnrtie  sur  la  levre  et  dont  1' integrate  sur  le  contour  est 
egal  a  l’effort  d1 aspiration. 
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Plus  la  levre  est  mince,  plus  cette  depression  est  forte  et  plus  le  gradient  de  pression  positif  impose 
par  le  niveau  de  depression  moyen  dans  1c  manche  d  air  est  important.  Pour  une  valeur  limite  de  ce  gradient 
de  pression,  on  atteint  le  decollement. 

Le  oas  extreme  correspond  d  une  levre  infiniment  mince  od  le  decollement  est  immediat  et  oil  la  perte  de 
charge  correspond  gross ierement  a  la  pression  dynamique  interne, 

Au  premier  ordre,  c’est  done  l'cpaisseur  relative  des  levres  qui  fixe  le  coefficient  de  perte  de  charge, 

Apt  levres 

1  V2 

2  pl  1 

et  a  un  moindre  degre,  le  profil  des  levres. 


Fonctionnement  en  vol  d'avancemcnt 


L'espace  peut  etre  separe  en  2  regions  (voir  figure  5)  : 

-  L'une  aspiree  par  le  motcur  definissant  un  tube  de  courant  de  surface  Aq  a  1* inf ini  amont  et  qui  evolue 
en  fonction  de  la  vitesse  locale  imposee  aux  fiLets  fluides. 

-  L* autre  event uellement  deflechie  mais  non  aspiree  :  les  filets  d'air  doivent  contourner  la  levre  exter- 
ne  en  accelerant  d  partir  du  point  d'arret  jusqu'a  un  niveau  de  depression  fixe  par  l’epaisseur  et  le  profil 
de  la  levre  (succion)  puis  en  ralentissant  pour  se  raccorder  aux  conditions  impos4es  par  les  t<  rmes  du  fuse* 
lage.  Plus  le  ralentissement  est  severe,  plus  le  decollement  risque  d'apparaitre  tot. 


Sur  la  levre  interne,  le  fluide  ne  subit  en  general qu'une  acceleration  a  partir  du  point  d'arret  et  il 
n'y  a  pas  de  risque  de  decollement  interne. 

'  e  =  4a  =  FUE 


Le  rapport 
d 'air. 


Al 


0  v0 


est  appele  coefficient  de  debit  et  caracterise  1 'adaptation  de  l'entree 


L' incidence  a  est  definie  comme  l'angle  entre  l'axe  du  tube  de  courant  capte  et  l'axe  de  l'entree  d'air. 

Ce  sont  lc  coefficient  de  debit  et  1' incidence  de  l'entree  d'air  qui  determinent  1' importance  des  decol- 
lemonts  externes  et  eventuel lenient  internes  sur  les  levres. 


Sur  la  meme  figure,  est  schematise  le  fonctionnement  des  entrees  d'air  statiques  (ct  =  90°)  en  vol  d'avan- 
cement  :  le  tube  de  courant  capte  n'occupe  pas  toute  la  surface  de  l'entree  d'air,  mais  seulement  une  zone 
"eff icace" ,  la  partie  restante  est  une  zone  tourbillonnaire  dont  1* importance  augmente  £  mesure  que  le  coef¬ 
ficient  de  debit  diminue.  Ce  tourbillon  n'est  pas  tres  stable  et  cree  une  agitation  de  la  veine  fluide 
dans  l'entree  d'air,  ce  qui  se  traduit  par  une  fluctuation  importante  des  signaux  de  pression  totale  au  ni¬ 
veau  du  compresseur  en  plus  des  degradations  de  1'ecoulement  moyen  dues  au  decollement  lui-meme  et  au  frot- 
tement  le  long  des  parois. 

En  vol  d'avancement,  des  pertes  de  pression  totale  peuvent  provenir  des  degradations  subies  dans  le  tube 
de  courant,  en  amont  de  l'entree  d'air,  par  frottement  le  long  d'une  paroi  on  a  la  traverse®  d'un  obstacle. 


6.  EVALUATION  DES  DlfFERENTES  SOLUTIONS  COMPATIBLES. AYEC  L1 ARCHITECTURE  DE_  L'APPAREIL  -  CHQ1X  DE  LA  bQSIIIQfl 

DU  PLAN  D' ENTREE  D'AIR 

La  figure  6  indique  les  avantages  presumes  des  differentes  solutions  d 'entrees  d'air  developpees  £  ce 
jour  sur  les  helicopteres  oil  les  moteurs  sont  situes  en  arriere  de  la  tete  rotor. 

Ce  tableau  peut  donner  des  elements  pour  le  choix  de  1' implantation  du  plan  d'entree  d'air  en  fonction 
de  la  mission  de  l'appareil  et  de  1' importance  que  l'on  accorde  aux  parametres  mentionnes  dans  la  colonne 
de  gauche. 

Dans  le  cas  des  helicopteres  legers  bi-moteurs,  performants  en  vitesse  (Bell  222,  Sikorsky  S76),  la  solu- 
tion  des  entrees  d'air  laterales  semble  pr'dominer  actuellement .  C'est  celle  qui  a  ete  retenue  en  finale  sur 
les  bi-moteurs  Dauphin  SA  365  N  et  Ecureui L  AS  355,  de  preference  au  type  "frontal"  legerement  plus  perfor- 
mant,  essent iellement  en  trainee  appareil,  mais  qui  presente  des  difficultes  d ' installat ion  et  une  estheti- 
que  discutable. 

La  ^oiuiion  des  moteurs  montes  dans  une  nacelle  "en  pod",  developpee  sur  des  helicopteres  plus  lourds , 
Uttas  ou  Boeing  Vertol  Chinook,  est  tres  interessante  sur  le  plan  trainee  (malgre  1 'augmentation  de  la  sur¬ 
face  mouillee)  et  performances  moteur  puisqu'elle  permet  d'installer  une  entree'd'air  et  une  tuyere  orien- 
tees  dans  l'axe  de  l'appareil.  De  plus,  cettc  solution  simplifie  1' etude  des  dispositifs  destines  a  reduire 
la  signature  infrarougo  des  tuyeres  (applications  militaires,  montage  d'un  deviateur  de  jet).  Elie  est  ce- 
pendant  lourdc  et  peu  esthetique. 


7.  REGLES  DE  DIMENS I ONNEMENT  -  HETHQDES  DE  CALCUL 


Section  d'entree  d'air  Ai  et  incidence  a 

L' optimum  du  point  fixe  demande  une  tres  grandcsection  d'entree  d'air  et  est  contradictoire  avec  celui 
du  vol  de  croisiere  qui  correspond  a  1 'adaptation  ; 

Surface  du  tube  de  courant  capte  A q  =  Surface  de  la  section  d'entree 
Le  cuidpromis  propose  est  : 


A-°  -  0,8| 

Al  ^ 


A 0  etant  calcule  pour  les  conditions  du  vol  de  croisiere  au  sol,  ou  ce  rapport  est  proche  du  minimum, 
compte-tenu  des  survitesscs  locales  dues  aux  formes  du  fuselage. 

Dans  ces  conditions,  unc  epaisseur  de  levres  e  de  1 'ordre  de  25  %  du  diametre  de  l'entree  d'air  si  elle 
est  axisy  etrique  £  incidence  nulle  a  =  0  est  le  plus  souvent  suffisante  pour  £viter  les  decollement s  exter¬ 
nes  et  la  penalisation  en  trainee. 


c 


Si  l'entree  d'air  est  en  biseau  ou  accolee  a  une  paroi,  l'epaisseur  relative  de  la  levre  diminue  puisque 
est  la  paroi  qui  devient  plan  de  symetrie  et  la  regie  25  %  du  diametre  est  insuff isante . 
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Couche  limite  fuselage 

Dans  le  cas  oil  1 'avant-projet  fait  npparaltre  1'interet  d'entrees  d'air  noy£es  dans  le  fuselage,  un  gain 
appreciable  sur  la  recuperation  du  pression  en  vol  d'avancement  et  une  diminution  tres  nette  de  la  distor- 
sion  peuvent  etre  obtenues  en  menageant  un  piege  3  couche  limite. 

Calcul  du  profil  des  levres  et  dessin  de  la  manche  a  air 

Pour  1' instant  seules  des  methodes  bidimensionnelles  sont  utilisees,  en  particulier  une  methode  semi- 
empirique  utilisant  les  transformations  conformes  tres  rapide  a  mettre  en  oeuvre. 

Le  calcul  direct  des  pressions  locales  sur  une  levrc  donnee  est  effectue  par  differences  finies,  d'apres 
un  programme  ONERA  (reference  2).  Ce  programme  est  utilise  egalement  pour  calculer  1 ' ecoulement  interne  dans 
la  manche  a  air- 

Des  methodes  tridimensionnelles  sont  en  cours  de  mise  au  point  pour  cette  application  a  1 'ONERA. 

La  figure  7  montre  des  levres  obtenues  par  la  methods  de  l'hodographo  et  adaptees  sur  le  SA  365N  DAUPHIN. 

La  figure  8  montre  une  comparaison  calculs  essais  sur  1’ entree  d'air  t\ S  350  Ecureuil  au  point  fixe. 

L'ecoulement  dans  la  manche  H  air  est  accessible  pai'  le  calcul  dans  le  cas  ou  il  n'y  a  pas  de  decollement 
dans  la  section  d 'entree  d'air  ;  des  donnees  empiriques  comme  les  tables  Data  Sheets  sont  utilisees  pour 
calculer  les  pertes  de  charge  dues  a  la  manche  seule. 

Dans  les  autres  cas,  en  particulier  decolles,  seul  l’essai  sur  maquette  en  soufflerie  permet  une  estima¬ 
tion  des  pertes. 

Rappelons  que  pour  une  conduite  circulaire  rectiligne,  la  perte  de  charge  varie  approximat iver.ent  comme 

AfT  „  w  L 
Vl2  R 


Vitesse  moyenne  dans  l'entree  d'air  imposee  par  le  debit  moteur  an  cas  de  vol  considers 

L  Longueur  de  manche  a  air 

R  Rayon  moyen 

K  Coefficient  de  l'ordre  de  0,015  pour  une  conduite  cylindrique 

Le  choix  de  la  longueur  de  manche  a  air  resulte  d'un  compromis,  si  elle  n'est  pas  dictSe  par  une  condi¬ 
tion  d'architecture  generale  de  l'appareil  : 

-  Une  grande  longueur,  de  l'ordre  de  8  fois  le  diametre  compresseur  est  tres  favorable  pour  resorber  les 
distorsions  du  flux  d'air  a  l'entree  ;  e’est  la  longueur  necessaire  pour  que  les  grosses  structures  tourbil- 
lonnaires  susceptibles  d'apparaitre  datis  l'entree  d'air  soient  detruites. 

-  Une  faible  longueur  est  favorable  pour  diminuer  la  perte  de  charge. 

On  pvite  d 'avoir  rccours  a  des  solutions  avec  volume  interne  important,  formant  chambre  de  tranquillisa- 
tiou,  les  pertes  etant  tres  elevees. 

8.  RESULTATS  OBTENUS 

Deux  appareils  recents  sont  ^quipes  d'entrees  d'air  statiques,  le  DAUPHIN  SA  365C  bimoteur  et  1 'ECUREUIL 
AS  350  monomoteur.  Ce  type  d'entrees  d'air,  on  l'a  vu  presente  des  avantages  sur  le  plan  de  la  simplicite 
et  de  la  facilite  d'adaptation  des  dispositifs  de  protection. 

Par  contre,  a  grande  vitesse,  la  distorsion  est  sensiblement  plus  elevee,  voir  figure  9,  et  les  perfor¬ 
mances  moins  bonnes  que  pour  los  entrees  d'air  dynamiques,  voir  figure  10.  L'installation  d'un  filtre  en 
forme  de  nid  d'abeille  a  grosses  mailles  dans  le  plan  d 'entree  d'air  permet  de  reduire  sensiblement  le  ni¬ 
veau  de  distorsion  et  les  fluctuations  de  vitesse  devant  le  compresseur,  mais  sans  apporter  dc  gains  signi- 
ficatifs  en  perte  de  charge,  voi”  figure  5. 

Cette  modif icatic,.;  a  ete  essayde  en  vol  sur  le  AS  350  (ARRIEL). 

De  plus,  en  3650.  de.-  g.'nerateurs  dc  tcurbillon  uni  etc  places  de  part  et  d 'autre  de  la  tete  rotor  pour 
limiter  .les  effete  do  sillage  et  limiter  l'ingestion  d'air  chaud  evacue  par  le  puits  BTP  :  cet  artifice  per¬ 
met  de  rehaussui  le  siilage  eu-dessuj  des  capots  et  de  degager  une  zone  d'ecoulement  sain. 

La  figure  10  montre  egalement  les  lesultats  obtenus  en  soufflerie  pour  differentes  entrees  d'air  d'appa- 
rcils  recenis.  Les  entrees  d'air  dynamiques  permettent  des  performances  beaucoup  plus  interessantes  en  vol 
d'avancement  :  elles  ont  ete  choisies  pour  les  helicoptcres  nouveaux  DAUPHIN  SA  365N,  SA  366G  COAST  GUARD, 
THING! AR  AS  355  et  SUPER  PUPA  AS  33V. 

En  SA  ?'.5N.  en  particulier,  le  plan  des  entrees  d'air  a  ete  choisi  en  avant  de  la  tete  rotor  de  maniere 
a  6viter  les  recyclages  d'air  ci.aud. 

L'entree  d'air  Coast  Guard  36f>U  m..l gre  la  complrcition  due  a  Inspiration  annulaire  du  moteur,  ne  presen¬ 
te  pas  de  perte  sensiblement  nuperieu"e  3  celle  du  SA  365N. 

En  AS  365  TW INSTAR,  comme  les  gaz  ue  reiroidissement  sont  canalises  le  long  de  I'arbre  de  transmission 
et  sont  evacues  er  erriere  des  mote.urs,  les  pivblemes  de  recyclage  d'air  chaud  en  vol  d'avancement  n'ont  pas 
ete  rencontres.  Ceci  a  permis  de  dessiner  des  tranches  a  air  moins  longues,  avec  des  entrees  laterales  si- 
Tuees  au  niveau  de  la  tete  rotor. 

Cette  disposition  a  donue  une  tres  benne  efficacite  rur  tout  le  domaine  de  vol. 

La  figure  11  montre  le  gain  cn  trainee  obt-cnn  par  comparaison  entre  les  entrees  dynamiques  et  statiques 
sur  le  SA  3u5N. 

Sur  le  Super-luma  AS  332,  un  soin  particulier  appcrle  au  dessin  des  levres  et  de  la  grille  de  protection 
a  permis  de  gagner  U  %  environ  sur  la  trainee  totale  scit  6  km/h  sur  la  vitesse  maximum  de  l'appareil,  par 
ra.iport  A  la  premiere  definition. 
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9.  CONCLUSIONS  ET  RECOMMAN DAT IONS 

Cet  expose  resume  lea  methodes  et  les  resultats  obtenus  sur  les  entries  d'air  moteur  S  1 'Aerospatiale 
Marignane.  Ces  Itudes  permettent  de  limiter  de  maniere  tres  significative  les  pertes  de  puissance  S  l’avion 
nage,  ainsi  que  les  pertes  sur  les  consommations  que  l'on  peut  observer  sur  tous  les  helicopteres  par  com' 
paraison  entre  les  mesures  au  banc  moteur  et  en  vol.  De  la  meme  maniere,  il  est  possible  d’eviter  des  decol 
lements  importants  sur  le  fuselage,  responsables  de  pertes  de  trainee. 

Les  parametres  essentiels  de  definition  qui  conditionnent  i’obtention  d'un  rendement  et  d'un  fonction- 
nement  acceptable  sont  dans  l'ordre  d' importance  : 

-  le  choix  de  la  position  du  plan  d'entree  d'air  sur  le  fuselage 

-  la  surface  de  l'entree  d'air 

-  1' incidence 

-  le  dessin  des  dispositifs  de  protection  (ingestion  de  corps  etrangers,  degivrage,  neige,  sable) 

-  l'epaisseur  relative  des  levres 

-  le  dessin  de  la  manche  a  air 

-  la  forme  des  levres 

Les  possibiiites  d'approche  par  le  calcul  deviennent  de  plus  en  plus  importantes  mais  ne  permettent  pas 
encore  d'eliminer  les  essais  en  soufflerie,  si  l'on  cherche  de  tres  bonnes  performances. 
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FIGURE  1  :  MAQUETTE  D'ETUDE  DES  ENTREES  O' AIR 
DAUPHIN  (ECHELIE  1/2) 


FIGURE  2  :  ECOULEMENT  AUTOUR  D'UN  SUPER  PUMA 
EN  VOL  STATIONNAIRE 

(DANS  L’EFFET  DE  SOL) 


♦  1D*C 

DANS  L’ENTREE  D’AIR  COUTENT 

SO/o  DE  PUISSANCE  1 

-1  o/o 

DE  PRESSION  TOTALE  COUTE 

2.4  O/o  DE  PUISSANCE  | 

| PROBLEMsT) 


j  MOVENS  P- ACTION  | 


VOL  STATIONNAIRE 

•  PERTE  OE  CHARGE  DANS  LA  MANCHE 

•  REINGESTICn  DE  QAZ  CHAUDS 

VOL  D-AVANCEMENT 

•  ADAPTATION 

•  TRAINEE 

•  INGESTION  DE  COUCHE  LIMITE  OU  SILLAGE 

•  REINGESTION  DE  GAZ  CHAUDS 

•  DISTORSION/ FLUCTUATION  DEVANT 

COMPRESSEUR 


FIGURE  3  :  POINTS  CLEFS 


FIGURE  4  :  ECOULEMENT  DANS  L'ENTREE  D'AIR  EN 
VOL  STATIONNAIRE 


FIGURE  5  :  ECOULEMENT  DANS  L'ENTREE  D’AIR 
EN  VOL  D'AVANCEMENT 


14-8 


FIGURE  6  :  COMPARAISON  DE  DIFFERENTES  ENTREES 
D'AIR 


FIGURE  7  :  DESSIN  DE  LEVRE  OBTENU  PAR  LA 
METHODE  DE  L’HODOGRAPHE 


LEVRES 


FIGURE  8  :  COMPARAISON  CALCUL  -  ESSAIS  SUR 

L’ENTREE  D'AIR  DE  L  ECUREUIL  EN  VOL 
STATIONNAIRE 


FIGURE  9  :  EVOLUTION  DE  L'INDICE  DE  DISTORSION 
EN  FONCTION  DE  LA  VITESSE 


FIGURE  10  :  RECUPERATION  DE  PRESSION  EN 

FONCTION  DE  LA  VITESSE  (RAPPORTEE 
A  LA  PRESSION  TOTALE  A  Vo  =  0) 


(MESURES  EN  SOUf  FLERIE) 


FIGURE  11:  COMPARAISON  DE  TRAINEE 
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DISCUSSION 


K.Rosen,  US 

When  you  modified  the  SA365  inlet,  were  there  any  significant  penalties  paid  in  the  area  of  anti-icing  as  compared 
with  the  original  static  design? 

Author’s  Reply 

It  is  agreed  that  the  problems  were  greater  in  the  dynamic  system  than  the  static  system.  However,  the  problems 
related  to  this  system  for  our  application  have  been  solved. 


K.Rosen,  US 

With  respect  to  your  vortex  tube  inlet,  have  they  worked  satisfactorily  in  relation  to  icing  conditions? 

Author’s  Reply 

This  question  concerns  the  SA  330  PUMA.  The  air  inlet  with  vortex  tubes  has  obtained  certification  after  tests 
conducted  in  the  icing  tunnel  at  the  grid  (Ottawa,  Canada)  and  in  flight  under  natural  icing  conditions. 
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INTAKE  DESIGN  WITH  PARTICULAR  REHiRENCE 
TO  ICE  PROTECTION  AND  rARTICLE  SEPARATORS 


By 

PAH  Branmer 

Chief  Power  Systems  Engineer 
and 

D  J  Rabone 

Deputy  Chief  Power  Systems  Engineer 


Westland  Helicopters  Limited 
Yeovil  Somerset 


SUMMARY 

Total  environmental  protection  for  helicopter  engines  is  a  desirable  aim  which  has  not  yet  been  achieved 
with  a  reasonable  performance  penalty.  The  paper  outlines  the  problems  associated  with  different  environ¬ 
ments  and  describes  intake  systems  which  have  been  used  to  give  protection  against  particular  environments. 
From  this  information,  three  intake  systems  are  proposed  for  further  consideration  and  evaluation  in 
natural  environments. 
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INTRODUCTION 


Over  thirty  year3  of  operation  lias  seen  Uiw  helicopter  usod  in  all  the  different  varieties  o*'  climatic  zones 
that  exist  world-wide.  The  general  adoption  of  ^aa  turbine  engines  as  the  means  of  propulsi  n  has  meant 
that  every  deployment  of  the  helicopter  to  a  new  climatic  zone  has  brought  a  new  problem  to  1-e  faced  con¬ 
cerning  engine  intake  protection.  Development  of  the  gas  turbine  engine  has  produced  higher  compressor 
speeds  and  smaller  compress-  ’'laden  which  have  proved  less  resistant  to  damage  from  external  particles 
ingested  by  the  engine.  Th*  Tore,  the  need  for  environmental  protection  has  increased  over  the  years. 

Hole  fit  intakes  have  been  successfully  developed  to  protect  engines  from  particular  environments.  However, 
the  role  fit  philosophy  is  not  attractive  to  the  customer  who  has  a  cost,  storage,  maintenance  and  operational 
penalty  as  a  result.  Consequently  significant  development  work  has  taken  place  over  the  last  decade  to 
produce  a  basic  intake  design  which  has  total  environmental  protection  with  a  minimum  of  engine  and  aircraft 
performance  degradation, 

THE  ENVIRONMENT 

One  of  the  major  difficulties  in  protection  system  design  has  been  the  lack  of  knowledge  concerning  the 
actual  environment;  only  when  it  is  accurately  defined  can  definitive  ng  development  work  be  undertaken, 
in  order  to  gather  the  necessary  data,  progressive  evaluation  of  both  the  protection  system  ana  the  environ¬ 
mental  measuring  system  have  been  required,  cor  jurrertly,  on  numerous  aircraft  flight  trials.  This  has 
resulted  in  ver>  slow  and  expensive  progress  in  the  design  and  clearance  of  intake  protection  systems. 

However,  the  acceptance  test  criteria  now  used  for  intake  protection  systems  have  been  3hown,  by  service  use, 
to  be  adequate  in  most  cases.  These  test  criteria  are  discussed,  briefly,  below. 

i)  lei  nr  Conditions 

The  presence  of  water  in  tte  atmosphere  at  tenjera lures  below  the  freezing  point  of  water  can’ca’ise  ice  to 

form  on  the  air  intake  and  on  the  forward  parts  of  the  engine  and  the  compressor  blades.  If  these  parts  are 

not  anti-iced,  the  performance  of  the  engine  will  be  progressively  eroded.  Subsequently,  the  ice  which  has 
formed  will  shed  into  the  engine  with  the  probability  of  damage  to  the  compressor  and/or  engine  surge  and 
flame-out. 

Water  droplets  and  ice  particles  can  be  experienced  in  flight  both  discretely  and  together  (ie  in  Mixed 
Conditions}.  The  piubleos  experienced  to  date  have  resulted  in  a  multitude  of  test  conditions  as  illustrated 
in  Table  One  {  roposed  UX  military  requirement}.  Unfoj tunately,  we  are  unable  at  present  to  rip  test 
conditions  such  as  freezing  rain  and  we  are  unable  to  accurately  measure  snow  conditions  that  occur  on 
environmental  trials.  The  National  Cas  Turbine  Establishment  (KGTEj  in  England  is  hoping  to  be  able  to  simu¬ 
late  mixed  condtions  for  WG34/^3Hl01  rig  icing  trials  we  shall  be  conducting  later  this  year. 

TABLE  ONE 
ICINC  CONDITIONS 


Water 

Duration 

Droplet  .  ite 

Altitude 

Condition 

Aig  Temp 

Content 

of 

Median  V  >1 

Kangs 

g/ro 

Condit  ion 

Dis  Micro- s 

1  1000  ft 

I 

+5 

0.90 

Continuous 

Maximum 

0 

-10 

0.80 

0.60 

Continuous 

20 

4  to  10 

Icing 

-20 

0.30 

tr 

+5 

5 .35 

Periodic 

Maximum 

t  .20 

0.90 

1 5  mins 

20 

4  to  10 

lei  ng 

-20 

0.46 

(0.20  LWC 

in 

(0.60  ICE 

Mixed 

-10 

(0.16  LWC 

Continuous 

0  to  10 

t.-ndit  iona 

(0.46  ICE 

(Continuous) 

-?0 

(0.10  LWC 
(0.20  ICE 

-- 1 

0 

(0.30  LWC 
(O.'JO  ICE 

IV 

Mixed 

Condit loan 

-10 

(0.20  LWC 
(0.70  ICE 

1 b  mins 

0  to  10 

( Periodic) 

-20 

(0.15  LV. 
(O.3O  I'  t 

V 

failing 

■*  3  to  -?i/ 

0.8 

Continuous 

0  to  10 

Oi.ow 

(Continuous ) 

1  /--> 
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Condition 

Air  Temp 
°C 

Vsler 

Content 

g/m’ 

Duration 

of 

Condit ion 

Droplet  Size 
Med Jan  Vol 
Dia  Micron/? 

A1  ti tude 

Range 
x  1000  ft 

VI 

Falling 

Snow 

( Periodic) 

43  to  -20 

1  .5 

1  5  mins 

0  to  10 

VII 

Recirculating 

Snow 

0  to  -20 

1.5 

15  mine 

IGF.  Hover 

VIII 

Freezing  Fog 

0  to  -20 

0.3 

5  mins 

10  to  20 

0  to  50 

AGL 

IX 

Freezing 

Drizzle 

0  to  -15 

0.3  to  0 

5  mins 

200 

0  to  5000 

y 

Freezing 

Rain 

0  to  -10 

0.3 

5  mins 

1500 

0  to  5000 

ii)  Sand  and  Dust 

The  uperation  of  gas  turbine  engines  in  high  3and  and  dust  concentrations  can  cause  rapid  erosion  of  the 
compressor  blades  and  its  casing  with  resultant  engine  performance  and  handling  degradation* 

Various  teat  dusts  am  in  use  in  the  aircraft  industry.  In  the  United  Kingdom,  dust  to  BS1701  is  the 
general  standard  usod  for  iielicopter  engines.  This  dust  lias  a  particle  size  distribution  as  shown  in 
Table  Two. 


TABLE  TWO 


Particle  Dia 
(Kicrcr.c) 

%  we  gtt  smaller 

*\  . ~  11  - 
V'.CMI  Uio 

20 

25 

40 

41 

60 

55 

00 

68 

100 

79 

120 

88 

140 

97 

160 

ICO 

Intake  protection  systems  which  separate  more  than  85^  by  weight  of  this  dust  from  a  dust  concentration  of 
of  air  have  beer,  shewn 


»w  »V  VOUIO 


JLII  911U  VIUU11U 


Lii) 


Once  again,  various  salt  spray  tests  are  used  worldwide.  A  typical  salt  spray  solution,  for  corrosion  test¬ 
ing,  would  have  a  concentration  of  2.10“^  by  weight  of  salt  in  air.  In  service,  the  rapid  engine  performance 
degradation  dva  to  compressor  contamination  by  salt  water  must  be  caused  by  salt  concentration  levels  well 
in  excess  of  ihe  above  figure.  However,  momentum  separation  systems  for  use  in  icing  and  sandy  conditions? 
have  been  found  to  be  beneficial  iri  protecting  engines  from  the  effects  of  salt  water  contamination. 

iv)  Foreign  Objs^ta 

Specification  foreign  object  damage  testing  for  engine/intake  combinations  is  generally  limited  to  single 
teste  with  small  birds  and  either  25  nun  or  12  mm  diameter  hailstones.  However,  there  is  now  an  increasing 
amount  of  ad  hoc  testing  carried  out  using  items  which  are  known  to  have  caused  engine  compressor  damage 
in-service  eg  lockwire,  nuts,  bolts,  electrical  ties,  stones,  twigs,  ice  particles  of  all  shapes  and  sizes, 
etc.  It  is  anticipated  that  aircraft  or  engine  specif ications  will  eventually  include  more  severe  engine 
FOD  protection  requirements  to  cover  the  above  items. 


OPERATIONAL  PROBLEMS 


The  helicopter  is  essentially  a  low  level  aircraft  which  normally  operates  below  5.000  metres.  If  icing 
conditions  are  encountered  (ie  ice  crystals  or  water  droplets  below  0  C),  the  helicopter  is  often  unable  to 
' climt  over'  the  weather  and  has  to  plough  on  through  or  turn  back.  Obviously  the  latter  is  highly 
undesirable  in  both  militaiy  and  commercial  operation  and  some  form  of  engine  intake  anti-icing  is  essential 
to  permit  flight  in  forecast  or  actual  ic<ng  conditions.  Figure  one  shows  a  simple  anti-iced  pitot  intake 
which  is  basic  fit  f ^r  the  Sea  King  helicopter. 
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After  having  devised  a  suitable  engine  intake  anti-icing  system  to  permit  prolonged  immersion  in  an  icing 
condition,  the  manufacturer  is  then  faced  with  the  problem  of  protecting  the  engine  from  ice  particles 
which  form  on  and  shed  from  the  aircraft  fuselage.  Typical  areas  of  ice  accretion  are  windscreen  support 
frames  and  windscreen  wipers  -  as  shawn  in  figure  two;  taken  during  icing  rig  trials  of  a  Sea  King  at  the 
National  Gas  Turbine  Establishment ,  (NCTE),  Pyeotock. 

The  helicopter's  major  asset  is  its  VTOL  ability.  However,  in  doing  so,  it  will  generate  its  own  snow  or 
sand  and  dust  storm  when  operating  from  unprepared  strips  or  in  arid  areas  where  it  i3  impossible  to  keep 
landing  areas  clean.  Operating  in  sandy  areas  can  reduce  engine  life  to  tens  of  hours  without  an  efficient 
engine  intake  separation  system  -  especially  when  neveral  helicopters  are  operating  together.  Figures 
three  and  four  show  the  Westland  Ly'ix  helicopter  during  enviionmen tal  trials  generating  its  own  sand  and 
a now  storms. 


A  common  role  of  the  modern  day  helicopter  is  to  carry  out  Search  and  Rescue  operations  over  the  sea  -  often 
in  rale  force  winds  arid  breaking  waves  which  cause  a  high  concentration  of  3al  i  water  in  the  vicinity  of 
a  hovering  helicopter.  Such  an  environment,  illustrated  by  figure  five,  can  cause  compressor  fouling 
within  minutes  to  eliminate  the  hover  power  margin  of  tte  aircraft.  Also,  the  increasing  usage  of  helicopters 
from  small  ships  and  offshore  oil  rigs  is  likely  to  increase  engine  salt  corrosion  prcblems  in  the  future. 

Finally,  it  is  al30  desirable  to  protect  the  engine  from  debris  which  finds  its  way  into  the  air  intake 
during  maintenance  operations  and  from  • arious  tvpcr  of  debris,  other  than  sand  and  dust,  which  becomes 
airborne  when  the  helicopter  is  ope  1a ting  near  the  ground. 


EXPERIENCE 

In  the  early  days,  the  problem  of  intake  protection  was  approached  on  a  role  fit  aircraft  intake  basis  - 
sand  extractors  for  arid  areas  and  heated  intakes/intake  shields  for  colder  climates.  Attempts  were  later 
made  to  adopt  sand  extraction  systems  fo.  use  in  icing/snow  conditions  but  these  modifications  have  usually 
been  only  of  limited  use.  To  illustrate  this  point,  the  development  of  intakes  for  the  Westland  Sea  King/ 
Commattlo,  the  lynx  and  the  current  Sea  King  Replacement  project  is  reviewed 


i)  The  Westland  Sea  King  and  Commando  are  licence-built  derivatives  of  the  Sikorsky  S6l  which  was  designed 
with  an  electrically  anti-iced  pitot  intake  (ref  figure  one).  This  intake  is  simple  to  manufacture, 
has  good  aerodynamic  characteristics  and  has  c.  relatively  low  electrical  power  requirement.  However, 
early  flight  trials  in  icing  conditions  (back  in  the  I9‘.0's)  showed  that  large  quantities  of  i^e  can 
quickly  form  or.  the  front  of  the  aircraft,  especially  around  the  her  ted  windscreens  (ref  figure  two). 
When  this  ice  sheds,  there  is  a  high  probability  of  it  being  ingested  by  the  engines  -  as  has  leer  the 
case  nn  several  occasions  with  resultant  engine  Garage. 

ii)  The  first  attempt  made  to  improve  the  engine  icing  clearance  for  the  Royal  Navy  was  by  means  of  an 
electrically  heated  'Mushroom  Intake*  (see  figure  six).  This  intake  was  designed  to  provide  'line  of 
sight'  engine  protection  from  airframe  3hed  ice  particles.  Following  initial  rig  icing  trials  at  NOTE, 
this  intake  was  flown  in  natural  icing  trials  by  A  and  AEE,  Boscomte  Down.  These  trials  showed  that 
the  r.ew  intake  design  induced  ice/anow  to  form  on  the  cabin  roof  which  became  an  engine  hazard:  also 
the  electrical  power  requirement  wa3  found  to  exceed  that  of  the  standard  aircraft  generators. 

iii)  After  the  experiments  with  the  ’Mushroom  Intake',  natural  icing  trials  were  conducted  with  the 
Sikorsky  ’Foreign  Object  Deflector'  or  'Harr.  Door'  intake.  Although  these  trials  were  successful, 
concern  was  expressed  over  the  proximity  to  the  intake  of  icc  which  formed  on  the  front  of  the  bai.. 

Door.  or.  the  pitot  tubes  and  on  the  engine  bay  doors.  To  remove  these  problems,  a  TKS  fluid  strip 
dispenser  system  was  added  to  the  front  of  the  Han;  Door,  as  shown  in  figure  seven,  and  electrical 
heater  mats  added  in  the  other  areas.  System  development  trok  place  once  more  at  NOTE  and  further 
natural  icing  trials  have  resulted  in  an  engine  icing  release  which  exceed?  that  of  the  unprotected 
rotor  system. 

The  Barr,  Door  intake  was  designed  to  provide  line  of  sight  protection  from  airframe  shed  ice  particles. 
In  addition,  its  shape  also  provides  momei.t'.m  separation  of  water  droplets  Iron:  u,n  engine  airflow 
which  has  beer  shown,  lv  service  use,  to  be  teneficial  in  reducing  the  rate  of  power  lose  due  to  engine 
compressor  salt  contamination  in  marine  environments. 

The  fitment  ol  thin  type  of  intake  to  the  Sea  King  produces  airframe  drag,  weight  and  engine  performance 
penalties:  the  latter  1m  to  both  pressure  loss  and  an  inc rear-  in  airflow  distortion. 

iv)  During  the  name  period,  Wentlandr;  have  developed  a  role  fit  sand  filter  pack  based  on  ip.r  well  knowr. 
‘Csrtrisep*  tutc  for  Middle  East  customers  ol'  the  'Commando'  version  ol  the  GM  .  This  pack  has  also 
t'-on  tor  ted  in  !he  hG'ffci  icu.r  facilities  ana  showed  that,  although  forward  facing  panels  quickly  Mock 
with  ice.  large  side  facing  panel  s  can  provide  engine  protection  from  ice  particles  and  water  droplets 
fo*  limited  periods  (o't  fi/ure  eight-  r..omentuiL  separation  of  a  large  part  of  the  water  droplet.:, 
occurring).  However,  we  have  reservations  on  the  use  of  such  devices  in  all  types  of  icii.r  conditions 
for  long  periods  ol  time.  Also,  side  facing  packs  have  1/ rge  intake  pressure  drops  (relative  to  a  pitot 
intake;  which  are  increased  with  partial  ice  blockage  giving  a  large  perl" -nuance  penalty  due  to  weight 
arid  IjFC  effects.  The  inlet  distortion  characteristics  of  such  packs  are  normally  good  and  performance 
penalties  reduced  if  the  pack  can  he  by- pa used  in  normal  flight  conditions  -  at  the  expense  of  further 
weight,  cost  and  complexity. 

v)  West lands  have  also  designed  a  side  facing,  electrically  anti-iced  intake  for  the  Sea  King  (see 
figure  nine).  The  object  of  the  design  was  to  maintain  the  line  ol'  sight  ice  protection  and  the  water 
droplet  momentum  separation  of  the  barn  door  intake  whilst  improving  the  airframe  drag  and  intake  pres¬ 
sure  luso.  Wind  tunnel  model  and  NGTE  icing  testing  showed  the  design  objects  had  been  achieved, 
although  aoroe  further  development  may  have  been  required  to  improve  the  distortion  characteristics. 


Anti-icing  power  levels  were  in  excess  of  those  required  for  the  standard  pitot  intake  but  less  than 
those  for  the  Mushroom  Intake. 


Lynx 

Similar  intake  concepts  to  those  used  for  the  Sea  King  were  applied  to  the  design  of  role  fit  intakes  for 
the  Westland/ Aerospatiale  Lynx  (figure  ten)  and  it's  'big  brother'  the  WG30.  The  basic  aircraft  features 
electrically  heated  air  intakes  (see  figure  eleven)  which  are  eited  to  give  'line-of-sight '  protection 
from  the  major  areas  of  airframe  ice  accretion.  Wire  mesh  debris  guards  are  available  for  use  in  areas  of 
high  FOD  risk  and,  for  hotter  climates,  we  have  developed  a  forward  facing  sand  filter  pack  as  shown  in 
figure  twelve. 

Sea  King  Replacement 

Total  intake  protection  is  required  for  the  Sea  King  Replacement  (WG34).  This  project,  now  known  a3  the 
EH101,  is  currently  being  studied  by  West!  ands  and  Agusta. 

We  believe  that  the  meet  difficult  intake  protection  problem  is  to  provide  long  exposure  in  icing  conditions 
with  minimum  basic  aircraft  performance  penalty.  Momentum  separation  of  water  droplets  in  both  icing  and 
salt  water  environments  has  been  shown  to  be  essential  to  reduce  the  penalty  due  to  the  protection  system. 

The  momentum  separation  principle  (as  used  in  the  'Centrisep'  and  'Donaldson'  tube)  is  generally  accepted 
as  the  best  means  of  providing  both  sand  filtration  and  total  FOD  protection.  This  principle  has  been 
studied  by  most  of  the  engine  manufacturers  in  the  world  and  General  Electric  are  the  first  in  the  field 
with  an  integrated,  hijdi  performance,  co-axial  separator  on  the  front  of  their  T 700  family  of  engines  -  as 
shown  in  figure  thirteen. 

A  further  use  of  the  momentum  separation  principle  has  been  used  for  mRny  years,  particularly  on  Pratt  and 
Whitney  PT6  engines.  This  asymmetric  or  bypass  duct  type  of  device  has  been  extensively  developed  by  Rolls 
Royce,  Leavesden,  illustrated  by  figure  fourteen  aid,  by  the  inclusion  of  a  large  bypuss  duct  scavenge  flow, 
they  have  produced  excellent  aerodynamic  and  protection  model  test  results.  However,  once  again,  we  have 
our  reservations  on  the  adoption  of  this  type  of  intake.  We  believe  it  has  many  detail  design  engineering 
problems  in  providing  the  necessary  ice  free  ducting  and  associated  large  scavenge  flow  with  the  general 
constraints  of  a  typical  engine  installation.  AI30,  the  random  'bounce'  of  large  ice  particles  ingested  by 
the  intake  could  cause  unacceptable  engine  damage  rates  when  continually  exposed  to  icing  conditions. 

After  reviewing  the  above  information,  a  sideways  facing  anti-iced  intake  in  conjunction  with  an  engine 
mounted  separator  was  selected  at  the  means  of  protection  for  the  EH101  (previously  known  as  the  WC3'5). 

This  intake  system  was  chosen  33  being  tne  lowest  risk  means  of  achieving  line  of  sight  protection  from  air¬ 
frame  shed  ice,  up  to  five  hours  mission  time  in  icing  conditions  and  general  sand,  FOD  and  salt  water  3pray 
protection. 

Development  york  or.  the  chosen  system  is  well  advanced.  Wind  iunnai  moaeJ  tests  wei'p  aimed  at  producing  an 
intake  with  low  pressure  loss  in  both  hover  and  forward  flight,  low  distortion  and  low  intake  entry 
velocities  (to  further  minimise  the  risk  of  ice  ingestion;  whilst  maintaining  a  shape  which  will  provide 
good  water  droplet  separation  in  forward  flight.  The  aerodynamic  aims  have  been  met  (minimal  hover  power 
loss,  le3a  than  a  100  lb  fuel  penalty  for  a  five  hour  mission  and  acceptable  distortion  predicted)  and  an 
icing  rig  i3  being  prepared  to  evaluate  anti-icing  requirements  at  NGTE  late  1981. 

The  performance  of  the  General  Electric  T7O0  separator  is  well  documented  (see  Reference  1).  Test  work  to 
ensure  that  the  sideways  facing  intake  does  not  compromise  the  performance  of  the  separator  has  arso  com¬ 
menced  with  ice  ingestior.  trials  at  the  Lucas  facility,  Artington.  A  T700  separator  was  tested  with  and 
without  the  WHL  intake  by  inj  cling  a  large  number  of  different  shaped  ice  particles  into  and  past  the 
intake.  The  T700  separator  bed  excellent  performaice  with  ice  particles  less  than  1?  mm  cubed  and  its  per¬ 
formance  was  maintained  witr  ''he  side  intake  fitted.  Particles  larger  than  12  mm  showed  random  separation 
thus  emphasising  the  need  for  line  of  sight  protection  for  long  icing  exposure  times.  AAy  intake  velocities 
for  the  side  int-ke  were  so  Inw  that  only  very  small  ice  particles  were  attracted  towards  the  intake  at 
hover  power  conditions. 

CONCLUSION 

For  total  environmental  protection  of  '•'9  engine  air  intake  as  basic  aircraft  fit,  three  options  are 
available  for  further  investigation: 

a)  side  facing  anti-iced  intakes  in  conjunction  witn  an  engine  mounted  co-axial  separator. 

b)  a  bypass  intake  duct  with  anti-ic.ng  -nd  a  large  scavenge  flow. 

c)  large  aide-facing  vortex  tube  typo  r. 

Each  of  the  above  intake  protection  systems  has  its  own  penalties  of  weight,  drag,  engine  power  and  SFC, 
cost  and  manufacturing  problems.  In  order  to  minimise  the  penalties,  close  co-operation  is  required  between 
airframe  and  engine  manufacturers  throughout  the  design  and  development  stages  of  the  helicopter. 

Adoption  of  any  of  these  three  options  will  prooablv  gave  ar.  engine  protection  standard  which  will  permit 
sufficient  exposure  times  in  hostile  environments  such  that  engine  power  and  integrity  is  no  longer  the 
limiting  factor;  only  further  natural  environmental  trials  will  yield  the  answer! 
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1  T70O  Engine  Integral  Inlet  Separator  -  All  Weather  Operation 
By  M  C  Ray  and  J  L  Browne,  General  Eloccric  Company 
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Front  Frame  Scavenge  Blower 


Integral  Oil  Tank 


Fig.  I J  General  Llectric  T700  inlet  particle  separator 


Forward  Facing  Air  Intake 


Fig.  14  An  asymmetric  separator  proposal 
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DISCUSSION 


K.Rosen,  US 

Why  did  you  elect  to  go  to  the  side  entry  with  the  T790  which  already  has  a  built-in  inertial  separator? 

Author's  Reply 

For  this  particular  aircraft  requiring  long  operating  periods  in  icing  conditions,  it  is  viewed  that  this  design  is  most 
appropriate, 
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RbLiURB  -  Regime  do  detrcr.se  ru r  he  1  it:or>t6re  binoteur. 

La  tendance  a  la  bimotoriaation  des  helicoptfcreo  civiln  el  milit.nires ,  pose  la.,  question  du  choix  du  niveau 
de  puissance  de  chaque  moteur  pormettant  d'obtenir  des  performances  accept&bles  en  cas  de  panne  d'un  moteur, 
par ticul ioreraenl  nux  tr&s  1‘aibles  vitesnes. 

L' uli lisation  d'un  regime  de  detresse,  permettant  d'obtenir,  une  1’ois  dans  la  vie  du  moteur,  un  niveau  de 
puissance  tr&s  Oleve  pour  une  courte  duree  aenble  £tre  une  approcho  interessante  et  prometteune. 

Dan3  une  premiere  purtie# le3  relations  entre  ley  nivenux  de  puissance  de  detresse  et  lea  paranetreo 
concemant  1 ' uti lisation  de  l'helicoptere,  masse  ddcollnbi.fi,  plafond,  consommation,  coflt  en  operation,  eont 
examinees  dan3  le  cas  d'un  pro jet  d1 helicopter®  biraoteur  de  tonnage  iioveu. 

Dons  uue  deuxifeme  portie  lea  perspectives  d ' homologation,  voire  de  certification  civile  d'un  tel  regime 
sur  des  moteura  de  technologie  actuelle  3ont  examinees. 
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Puissance  maximale  continue 
Puissance  maximale  au  docollage  (5  mn) 

Puissance  intermediaire  d’urgence  (fonctionnement  monomoteur  :  30mn) 
Puissance  maximale  d'urgcnce  (fonctionnement  monomoteur  :  2  mn  1/2) 
Puissance  de  "Super  Detresse” 

Temperature  d1 entree  turbine 
Coflt  total  en  operation 
CoQt  Direct  en  operation 
Ciiarge  puymiic 

Prix  au  kg  par  km  trnnsportn 
Coefficient  de  motorisation  :  Ora  15°0 


Puissance  thermique  des  moteur3  au  decollage 
Puissance  necessaire  au  stHtionnaire  H.H.S 


Dane  l'effet  de  sol 
Hor3  effet  de  sol 
Prix  du  moteur 

Potentiel  du  moteur  (Time  Between  Overhaul) 

Prix  du  carburant 

Consommation  hnraire  du  moteur. 


Temps  do  la  mission 


t  -  IHTKODUCTIOH. 

Le  choix  du  niveau  de  "moturisation"  d'un  helicoptere  eot  toujours  difficile,  II  reeult.e  en  effet  d'un 
compromis  entre  le  ddsir  d'obtemr  des  performances  brillantes  (nnr  temps  c'naud  ou  en  altitude)  pour 
pouvoir  toucher  le  maximum  do  marches,  et  les  imperatifs  de  rcntabilitc  qui  preoccupent  tous  les 
utilisateurs  on  utilisation  normale  (d.O.c). 

Par  ailleurs  la  tendance  generate  est  a  la  biraotoriSBtion,  tant  pour  les  utilisations  civiles  que 
militaires.  Ceci  nc  fait  qu' nccroi'tre  la  difficulty  du  compromis,  car  il  est  necessaire  d'offrir  des 
performances  minimales  sur  un  motour  :  ce  3ont  leB  seules  reellemont  utilisables  par  les  utilisateurs 
civilB  categorie  A,  et  elles  determinent  les  possibility.",  opdrationnelles  de  l'helicoptere  militaire  (vol 
tactique  a  trfes  bas3e  altitude,  uttente  en  stutionnnire  derrifere  dco  obstacles  naturals...). 

Par  experience  our  des  holicopteres  existent  en  version  mono  et  bimoteur,  nous  pouvons  ronsiderer  que  le 
"prix"  de  la  bimotoriaation  avec  les  concoptc  utilises  aujourd'hui  eot  d' environ  +  20  a  25  $  sur  la 
consommation  kilometrique. 

Pour  maintenir  des  caracteristiques  operationnelles  comparables  (charge  utile,  runge  )  cette  augmentation 
de  consommation  a'ajoutant  a  l'augmentation  de  mnsse  a  vide,  necesaite  une  augmentation  de  la  masse 
maximale  autorisee  au  decollage  ce  qui  peut  entraincr  des  modifications  importsntes  sur  ia  conception  et 
sur  le  nrix  de  l'helicoptere  considero. 

Ces  ccart3  sont  en  purtie  dus  au  fait  que  lea  moteurs  sont  dimensionnes  pour  lc  regime  maximum  d'urgence 
2,5  mn  (car  le  motoriste  doit  ddraontrer  2h  05  ran  pendant  l'essai  d ' homologation  de  1 50  h),  ce  qui  entrainc 
des  moteurs  plus  lourda,  plua  puiasauts  au  regime  de  decollage  et  ayant  une  consommation  Rpecifiquo  plus 
dlevde  a  charge  purtiellc  sur  2  moteurs. 

En  fait,  le  but  recherche  eat  do  se  proteger  au  mieux  d'un  errSt  accidentel  d'un  moteur  pendant  certaines 
phases  critiques  de  vol  : 

-  tin  utilisation  civile  le  taux  d'arrJt  moteur  en  vol  so  situe  sutour  de  10  par  hours  dc  vol.  Hais  la 
probability  d'arr@t  pendant  la  phase  critique  de  decollage  est  encore  bien  plus  x’aible  (<10_'J:  il  n'y 
a  aucun  cao  de  ce  type  rdportorie  nvec  lee  helicopteres  bimoteurs  de  I  'Aerospat  j.ale. 
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-  En  utilisation  militnire  cotte  probability  ost  bien  oOr  aupdrieuru  (pourcentage  plus  grand  da 
phases  critiques  de  vol,  rioques  d' impact  de  pro ject i las. , . ) .  Cepondant ,  mflrae  pour  ce  type 
d ' utilisation,  la  probability  reste  telle  qu'il  eet  envisageable  d'efi'ectaer  une  inspection  au  une 
revision  du  moteur  ayant  dd  fouctionner  au  regime  d'urgence  a  la  suite  d'une  panne  de  1' autre  moteur. 

Les  questions  que  nous  nous  posOno  ot  auxquellea  cet  expose  tente  de  renondre,  sont  done  Icb  suivantes  : 
"Ne  paie-t-on  pas  trop  cher  cet to  protection  contre  la  panne  d'une  moteur,  compte  tenu  do  oa  faible 
probability  ?  Ne  peut-on  pan  ameliorer  la  situation  en  alldgoant  lea  regies  d 'homologation  dee  regimes 
d'urgence,  pour  pouvoir  aller  beaucoun  plus  pres  des  limites  thermiques  et  mecanique^  du  moteur  en  cas 
de  panne  de  1* autre  moteur  . 


2  -  situation  actuelle. 

Pour  qualifier  le  niveau  de  motori3ation  d'un  helicoptfcre  nous  utilisons  3ouvent  lo  'coefficient  de 
motorisation"  y  _  Puissance  thermique  du  ou  des  motours  -  aol  -  standard 
*  -  Puissance  ndce3saire  station!. aire  hors  effet  de  sol 

lta\»ay  maxi  -  Sol  -  Standard. 

Ce  coefficient  varie  habituellenront  entre  1  ,2  ot  1  ,5  nuion  le  dugre  de  polyvalence  recherche  pour  les 
helicopteres  concernes. 

La  fig.  N°  1  donne  quelquen  caracteristiques  doo  helicopteres  Aerospatiale  de  la  nouvelle  generation. 

Lo  DAUPHIN,  nvec  )£  =1,20,  3St  bien  adapt*;  mix  missions  en  climat  tempera  et  a  l'off  shore,  le  T WINSTAR 
(V  =  1,4C)  *=*t  le  SUPER  pljMA  (t  ,52)  sont  tres  bien  motorises  et  conaervent  de  tre3  boiinos  performances 
dans  dec  conditions  climutiques  severes  : 

Masse  muximale  dejrilable  HiJS  au  standard  +  20°0  &  des  altitudes  euperieures  a  1 5^0  m. 

MAlgre  ceo  niveaux  eluves  de  motorisation,  les  performances  categoric  A  (panne  moteur  au  decollage) 
restent  modoutes,  surtout  pour  les  procedures  "heliport  ponctuol" . 

Pour  des  versions  militairen  de  ces  helicopteres,  le  besoin  de  sunnotcrisation  serait  encore  accru  par  : 

-  1' augmentation  des  perte3  d  '  installation  (protection  infra  rouge,  aeparateur  de  paj*l.icules) 

-  les  exigences  de  vol  tres  pres  du  sol  pour  lequel  il  eat  souhai table  de  supprimer  la  "zone  dc  mort" 
de  maniere  k  snuver  1' equipage  voire  1’ nelicoptere  on  cas  de  panne  moteur,  quelle  que  eoit  1 'altitude 
ou  la  vitesse  d '  avancement ,  y  cozapris  le  3tationnaire , 

La  situation  decrite  ci-dessus,  qui  n'eot  pus  apdcifique  mix  helicopteres  de  i'nerospatialc,  est  celle  que 
l'on  peut  obtenir  avec  des  raoteurs  dont  le  regime  Maxi  d'urgence  (2,5  nm)  eat  de  0  et  10  '/*  superieur 
au  regime  de  drooling*'. 

L'idce  d'un  regime  de  detresse,  qui,  tout  en  maintenant  au  niveau  actu*  i  les  puissances  maxi  continue 
et  decollage,  et  la  con  semination  spdcifique  k  regime  partiel,  perraettrait  d'obtenir  un  niveau  de 
puissance  nettement  superieur  au  regime  2,5  mn  actuel,  1  fois  dans  la  vie  du  moteur,  n'esi  pas  nouvelle. 
Elle  n'a  cependant  pas  encore  debouchd  sur  des  applications  pratiques  en  particulier  pour  les  utilisations 
civiles,  pour  lesquelles  une  evolution  des  reglements  s' impose.  Kn  effet  le  probleme  de  la  demonstration 
et  la  verification  d'une  telle  "capabilite"  de  surpuissance  reste  pose. 

Nous  pensons  que,  compte  tenu  du  niveau  de  fiabilitd  des  moteur3  utilises  a  l'heure  actuelle  sur  nos 
helicopteres,  et  des  imperative  oconoraiques  de  plus  en  plus  pressants  auxquels  sonx  com>onte3  les 
uti lisateurs,  cette  notion  de  regime  de  detresse  est  plus  quo  jumais  d1 actuality  et  doit  £tre  prise 
serieusement  en  consideration,  aussi  bien  par  les  raotoristes  quo  par  les  organisraeo  officiels  de 
certification. 

Pour  mettre  en  evidence  les  avantages  d'une  telle  Anornrh*?.  neu*?  weua,  avee  In  Eocictc  TUKDuKECA , 
realise  une  etude  3ur  le  theme  d'un  helicootere  biraoteur  de  reference  d'une  masse  naximale  de  4  tonnes, 
equipe  d'un  nouveau  moteur" Y"de  conception  moderne,  qui  donne  a  cet  helicopter^  un  bon  niveau  de 
motorisation  nelon  les  critere3  actuels  (fig.  2). 

Apres  avoir  determine  le3  liroites  en  cas  de  panne  d'un  moteur,  et  determine  les  niveaux  de  puissance 
d'urgence  souhai tables  dans  ces  conditions,  nous  avons  mis  en  evidence  et  tente  de  chiffrer  l'inter^t  de 
pouvoir  obtenir  de  telleo  puissances  a  partir  du  moteur  de  base  Y  plutOt  que  de  definir  un  nouveau  moteur 
plus  puissant  qui  delivrerait  la  mdme  puissance  au  regime  2,5  mn  selon  Ins  cri teres  actuels 
d' homologation. 

3  -  INTKRET  1)U  REGIME  DE  bbVREULK. 

Nous  avono  suppose  dans  un  premier  tempo  que  le  moteur  Y,  tel  que  defini  pro  cod  eminent  avec  se  puissance 
de  decollage,  sa  Cs  et  ca  masse  etait  capable  de  deli vrer  pendant  un  temps  de  1  minute  au  moins  une 
"puissance  de  detresse"  pouvant  aller  nettement  au  delk  de  la  PMU  actuellu. 

IJoue  avon3  ainsi  etudie  l'injpfiot  du  niveau  de  regime  de  detresse  sur  les  possibilites  operationnel les 
de  l'hclicoptere 

3.1  -  Effet  sur  les  pc?rf orman ces. 

h  I'aide  d'un  programme  de  calcul  rormettant  d'utudier  le  comportement  tran3itoire  de  1 ' h^licopt^re 
apres  la  panne  d'un  moteur  (ref.  1),  nous  avonn  pou~  differentes  conditions  exterieures,  diff^rentes 
masses  du  1 'helicoptere  ,  deteraind  en  fonction  dc  la  puissance  d'urgence  disponible  les  hauteurs  H 
pour  lesquelles  : 
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-  la  pourouite  du  vol  eat  possible 

*  . 

-  le  pose  vertical  amene  k  uno  vitosne  d1 impact  de  fa  m/s  (train  deforms  maie  appnreil  non  enrioininage  ) 

tit  2,5  m/n  (train  non  deforme). 

Lea  planches  (N°  3  k  fa)  preaentent  cca  renal  tain  pour  lesquels  la  pui3sance  eat  oxprinde  «n  de  la 
puissance  necessaire  au  stationnaire  hors  effet  de  sol  dans  leu  nflrao3  conditions.  Leo  points 
intoressants  se  oituent  k  1 1  intersection  des  eourbes  de  poursuite  de  voi  e*  den  courbea  de  poseV  ' 
Les  reaultats  essentials  ont  ete  portes  sur  la  fig.  11°  7  qui  recapitule  les  performances  possibles 
en  l’onction  du  niveau  de  puissance  d'urgence,  variant  de  +  10  'S  a  +  fat)  lp>  par  rapport  au  regime 
do  ddcollage  actuel. 

Notons  que  dans  cette  etude  de  simulation  le  be3oin  de  puissance  d'urgence  n'a  jamais  excene  30  a 
et  que  le  temps  d'accoldration  du  moteur  entre  le  regime  de  decollage  et  le  regime  d'urgence  a  etc 
fixe  a  1  secor.de.  Sn  de3aou3  dc  cette  valour  les  resultata  ne  sont  pas  modifies.  Si  le  temps 
d'acceleration  est  superieur  a  2  secondes,  ce  qui  pourrait  arriver  nour  de  tres  forts  niveaux 
de  surpuissance ,  les  performances  ob+enues  aeraient  legeremenl  affectees. 

3.2  -  Inter^t  economidue  du  regime  de  detrosse. 

La  planche  n°  2  montre  que  le  moteur  Y,  avec  scr.  ;gime  d'urgence  8,(5  ‘/o  superieur  au  decollage 
n'autorise  pratiquenent  aucune  performance  sur  u..  moteur,  a  la  masse  maxi  de  4000  kg  pour  de3 
conditions  altitude,  temperature  plus  neverea  que  le  standard. 

Nous  avons  done  imagine  qu'il  etait  possible  d'autoriser  sur  ce  moteur  un  regime  de  "Super  detresse” 
utilisable  1  minute  une  fois  pendant  la  vie  du  moteur,  dont  le  niveau  eBt  nettement  plus  sieve  que 
celui  du  regime  maxi  d'urgence  actuellement  defini. 

Moteur  Y1  dont  la  PSD  est  24  'f>  auperieure  au  decollage  (A  ¥3  =  120°0) 

Moteur  Y2  dont  la  PSD  e3t  40  auperieure  au  decollagt  (  'i’  3  =  200JC) 

Pour  pouvoir  mettre  en  evidence  l'interfit  economique  d'une  telle  approche,  nous  avons  compare  ces 
motenrs  Y1  et  Y2  a  deux  moteure  hypo  the tiques  Z1  et  Z^,  de  mSrae  conception  que  le  moteur  Y  de  refe¬ 
rence  dont  les  regimes  maxi  d'urgence  2,5mn  certifies  sont  au  mSrae  niveau  que  les  regimes  de  detresse 
des  moteurs  Yl  et  Y2  (voir  pi,  s). 

Cea  moteurs  Z^  et  Z^  sont  des  moteurs  "homothetiquee"  au  moteur  de  reference  Y  et  delivrent  leurs 

puissances  FMD  et  H4U  aux  mfimes  temperatures  T3  que  le  moteur  Y,  lour  consommation  a  regime  pnrtiel 

est  legerement  amelioree  k  60  lS>  de  la  FMD  par  l'effet  d'echello,  njHis  degrad^e  a  puissance  donnee 

(400  k«). 

Nous  avons  calcule,  pour  ces  differents  noteura  : 

-  le  coflt  total  en  operation,  qui  tient  compte  de  la  consommation  et  du  prix  de3  moteurs 
T.0.C  =  A  +  B  Pm  +  C  Pm_  +  Pc.CH 

TB0 

-  la  charge  payante  qui  tient  cumpte  : 

-  du  niveau  de  puissance  par  le  biais  de  la  masse  dfacollable,  jusqu'a  concurrence  de  la  masse 
maximale 

-  de  la  consommation 

-  de  la  masse  de  1' installation  motrice  (masBe  moteur  plus  repercussions  sur  helicoptere) 

Op  =  M,j,  -  My  -  ml  -  CH.t 

♦  *-v^Va8seB  mo  tours' 

Masse  maxi  Masse  k  vide  sans  moteurs 

-  le  coflt  du  kilogramme  transports  par  kilomktre  qui  d onne  une  idee  de  la  rentabilite  elobale 
de  1 'helicoptkre 

_  T.O.C 
K  _  Cp.V 

Lea  rdeultats  sont  donnea  sur  les  fig.  H°  10  a  12, 

Avec  les  procedures  categoric  A  hdliport  ponctuel,  pour  lenquellen  le  regime  Unite  actuel  est  la 
IMU,  les  gains  obtenus  sont  assez  spectaculaireo  sur  le  coflt  du  Kg/Km. 

Pour  les  moteurs  1  (PSD  ou  PMU  =1,24  HU))  on  obtient  dejk  une  reduction  dt  coQt  (Kg/Km)  variant  de 
50  %  (Zp  =  0  to  =  15°)  k  70  ‘/J  (Zp  =  0  to  =  35“C). 

Par  ailleurs  les  moteurs  Y,  avec  regime  "Buper  Detresse"  off.'ent  un  avantaje  pouvant  t  tteindre 
25  %  par  rapport  aur  moteurs  Z  n'ayant  qu'un  rdgime  d'urgence. 


(’)lls  correspondent  en  fait  k  la  suppression  do  la  zone  d'insecurite. 


Dans  1b  c»3  des  procedures  heliport  degage,  pour  leaquellas  la  regime  limits  oat  la  PIU 
(taux  do  montde  impose),  l'appareil  pouvant ,  dans  un  premier  tomp3,  prendro  do  In  viteaec 
horizontale  pour  rdduire  la  puissance  ndcoeaaire,  lea  rdsultatB  sent  aenaiblomenl  differents. 

Lea  moteura  Z  ont  une  capability  de  PIU  accrue.  Nouo  avnns  suppose  que  leur  PIU  etuit  ogalo  h  la  HID. 
Las  performances  et  la  rentabilitd  do  l'hdlicoptare  aont  done  amAlic-Aes. 

Pour  les  moteura  Y  les  performancos  ct  la  ror.tabi  lite  de  I'helicopture  ne  aont  amelioroes  quo  oi 
le  rdgims  PIU  est  relevd,  simultanement  au  regime  PSD. 

Dans  1 ' hypothfese  ou  la  PIU  oat  relevde  au  niveau  den  moteura  Z  on  retrouvo  dec  gains  comparables 
k  ceux  sur  heliport  ponctuel  ontre  moteura  Y  et  moteura  Z. 

En  fait,  pour  lea  procedures  civilua  categorie  A,  ce3  resultata  ne  doivont  fitre  co.nsideres  que  pour 
leur  ordre  de  grandeur,  une  etude  particuliere  ?i  ciiaquo  helicoptbre  devant  Blre  fnit.o  pour  savoir 
jusqu'a  quel  niveau  il  eat  interosoant  d'augmenter  la  RiD  aans  augmenter  la  PIU. 

Par  contre  pour  dee  applications  "militaires"  ou  il  n'y  a  pae  de  poursuite  du  vol  avec  taux  de  montde 
imposd  a  la  PIU,  seul  le  niveau  do  PSD  est  determinant  pour  la  ourvie  de  1 'helicoptbre  et  les 
rdsuitats  presentdo  (charge  utile  /Prix  Kg/Km)  aont  directeraent  utilisaolea. 


POSSIBILITY  REELLY  UES  motkubs. 


Le  problbne  principal  lie  au  regime  de  detresse  eat  la  rdsiatance  des  palee  de  turbine  au  phenomene 
de  fluage  (Temperature  et  vitessc). 

Nous  pouvons  considerer  que  les  temperatures  T3  actuelloment  rctenues  pour  le  decollage  correspondent 
b  une  duree  de  vie  calculee  de  1000  h  dans  le  cas  du  moteur  Y  dB  reference  non  refroidi,  ct  ayant  etc 
dimensionne  pour  atteindre  des  TBO  Sieves. 

La  courbs  n°  13  aontre  1‘ evolution  de  cette  durde  de  vie  calculee  avec  le  niveau  de  temperature,  et  la 
surpuissance  que  l'on  peut  attendre. 

A  22  ‘ji  de  surpui3oance  la  duree  de  vie  calculee  tombs  a  10  h,  ii  33  5»  a  1  h  et  h  50  >6  elle  n'est  plus  que 
de  quelques  minutes. 

A  l'aide  de  ces  rcsultat3  de  calcul  et  de  i'expdrience  acquise  par  TUHBOMJiCA  au  cours  de  norabreuses 
homologations  anterieures,  et  do  25  millions  d'heures  de  vol,  noua  pouvons  dire  qus,  a  condition  de 
reduirs  la  severite  de  l'e3sai  d 1  homologation,  lea  meteura  de  conception  actuelle  ont  line  capability  de 
rdgime  de  detresse  (l  iois  dans  la  vie  du  moteur)  supdrieure  a  1 20  %  du  rbgime  decollage  : 

-  entre  20  ji  et-25  Jo  de  surpuissance  (ce  qui  correspond  environ  a  10  h  de  duree  de  vie  calculee)  avec  lr 
possibility  d'utiliser  )e  mnt.eur  au  regime  intermediaire  d1  urger.es  apron  1' utilisation  dc  la  detresse 
(caa  de  puuraulLe  du  vol) 

-  entre  25  Jo  et  30  Jo  de  surpui3sance  ou  plus  (environ  1  heure  de  durde  de  vie  calculee)  avec  arrSt  du 
moteur  aprds  l'utilisation  du  regime  do  detroase. 

Au  dela  de  25  j£  la  prevision  par  calcul  devient  dif.'icile,  dependant  il  n'eat  pas  exclu  que  des  essais 
sur  moteur  reel  puisaent  demontrer  des  capabilities  da  regime  de  detresse  auptirieures. 

I'  est  par  ailleurs  interesaant  de  souligner  que  pour  la  mfime  elevation  de  temperature  '?},  1 'augmentation 
relative  de  puissance  est  plus  importante  par  temps  chnud  qu'en  standard. 

Par  example  pour  le  moteur  Y  de  reference  nous  obtenons,  les  chi ff res  suivanta  : 


Done  en  fait,  une  aurpuisBance  de  20  Jo  en  conditions  standard  represonte  25  h  30  Jo  de  ourpuicnance 
par  temps  chaud,  dans  des  conditions  ou  juutement  le  besoin  est  le  plus  important. 

Dans  le  cas  particulier  du  moteur  Y  nous  pouvons  conclure  qu'une  suriempdrature  de  1 1 0 °0  pur  rapport 
au  decollage  eat  possible  ( 1 0  h  de  duree  de  vio  calculee)  ce  qui  perraet.  une  surpuissance  de  30  Jt> 
b  to  =  35°C. 


h 
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La  definition  d'un  tel  regime  pourrait  6tre  : 

Puissance  de  Super  detresce  : 

Puissance  maximale  approuvee  pour  1 'utilisation  en  cao  de  panne  d'un  moteur  nu  cours  d'un  da callage 
ou  d'un  ntterriteage  et  limite  a  une  yeule  periode  d'utilioation  ininterronpue  d'une  duree  muxirnale 
d'une  minute, 

Cette  utilisation  eet  accompagnee  de  1 ' obligation  dedepoaer  le  motour  pour  inspection  complete  ou 
revision  generate, 

Compte  tenu  des  ni*/eaux  dc  temperature  attaints  au  coura  de  1 'utilisation  d'un  tol  regime,  il  eat  ndeeesaire 
de  s'entourer  d'un  certain  norabre  de  precautions  de  manibre  a  eviter  les  utilisations  intempestivea  ou 
abusives  : 

-  armament  h.  la  demande  du  pilote  (la  limite  nonaale  restant  la  PMU  actuelle) 

-  interdiction  de  redemarrer  le  moteur  apres  utilisation  de  ca  regime, ou  utilisation  d'un  calculateur 
d ' endommagement ♦ 

Le  test*  permettant  de  verifier  qua  lo  moteur  est  bien  capable  de  cette  nuieoance,  devrait  se  limiter 

k  : 

-  un  contrfile  de  l'dtat  du  moteur  a  des  regimes  inferieurs 

-  une  verification  rapide  du  regime  gendrateur  atteint.  L1 acceleration  du  moteur  du  regime  de  deeding® 
ou  regime  de  super  detresse  se  faisant  en  moins  d'une  seconde,  ce  test  devrait  pouvoir  se  faire 
pdriodiquement  sans  entamer  de  maniere  significative  le  potentiel  de  vie  du  moteur.  II  est  certain  que, 
la  encore,  la  surveillance  du  moteur  par  calculateur  d 'endommagement  apporterait  une  securite 
supplementaire . 

C<uant  a  1' homologation  d'un  tel  regime,  nous  pensons  qu'elle  pourrait  se  derouler  comme  suit  : 


Premiere  partie  : 

Execution  de  l'essa.i  d'enduiance  de  150  heures  tel  que  defini  par  la  reglcmentation  actuelle,  avec,  en 
plus,  par  phase  de  6  heures,  deux  affichngea  durant  10  seconded  do  la  vitBBae  de  rotation  corroooondant 
au  regime  de  Super  detresse. 


Deuxjkme  partie  : 


-  5  ®n, 

-  1  ran. 

-  1  ran. 

-  30  urn, 

-  60  mn. 


nu 


ds  5  foi»  le  cycle  ci-aprea  : 

Ralenti  sol 

Decolluge 

Super  detresse 

Intermediaire  d'urgence 

Regime  intermediaire  (croisiere). 


-  Ddmontage  et  oxamen  final  : 


Essais  complementaires  de  typo. 

Pour  valider  compl&tement  un  moteur  prevu  avec  le  regime  de  Super  detresse  un  certain  nombre  des  ossais 
particuliera  de  type  doivent  Stre  adaptdo  aux  conditions  nouveiles.  Ce  sent  : 

(A)  Essais  de  fonctionnemont  (p«  p^rticulicr  pannage). 


(b)  Ksr.ais  do  vibrations  : 

(C)  ContrSle  prelirainaire  ef  final  de  la  puissance  au  regime  dr  Super  cie try sue. 

II  ect  convenu  de  nc  pas  l'aire  de  morur^  d  e  puin3Bncc,  ou  regime  de  Super  detresse,  lorn  des 
contr&les  preliminaireo  et  finals  den  carncteristiquen  de  l'essai  d' endurance  dc  lyne  de  1 50  heures, 

LOTA  :  Ceci  iraplique  qu'un  csu&i  particulior,  approprie,  301I  fait  nur  un  autre  raoteur  pour  demontrer 
la  puissance  declurce  pour  le  regime  de  Super  detresse, 

(d)  Essai  d* integrity  en  survitesne  : 

Esuai  do  ?.  mn  a  la  temperature  devant  turbine  declaree  pour  lo  regime  de  Hu  per  detreuye*  et  a  une 
viteosc  do  rotation  supeneuru  de  10  /*  a  cell*.1  du  regime  de  Huper  detreaan. 
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Si  i'on  considfcre  la  faible  probability  pour  que  le  diapositif  de  regulation  et  de  commando  tombe 
en  panne  precisement  au  moment  de  1’afflchage  de  la  viteaae  de  Super  ddtresoe  et  si  l'on  tient  compte 
du  fait  qu'apreo  l'emploi  de  ce  regime,  le  moteur  devra  obligntoirement  6tre  ddpoae  et  examind,  il 
semble  raiaonnablo  d'udopter  la  valeur  do  10  Lj>  de  nurviteaue  par  rapport  &  la  viteaae  de  Super  detresse. 

(e)  Eaaai  d'integrito  en  surtemocrature  : 

Kasai  de  5  an,  h  la  viteaee  de  rotation  du  regime  Super  detrease  et  a  une  temperature  devant  turbine 
ddpasaant  d'au-moir.a  ?0°C  la  temperature  maxiiale  ddclaree  pour  le  regime. 


COUCHS  IOH. 


B'utilisation  a'un  regime  ue  "Super  Detreoae",  utiliaable  une  foio  pendant  u.’.e  minute,  permot  d'augmeniet 
trds  aignificativement  lea  performances  aur  un  moteur  d'un  heliccptfere  biraoteur.  L' amelioration  de 
rentabilite  qui  en  decoule  eat  tres  attractive. 

Lea  moteurs  de  conception  actuelle  ont  une  capability  importante  de  ourpuiaaance  atteignant  30  par 
temps  chaud,  1‘ homologation  et  l'utiiiaation  de  tel3  regimes  ne  poaunt  paa  de  problomes  inBurmontablea. 

II  eat  done  ndeessairo  d'entamer  le  procesaue  devolution  dea  reglementa  d’homologation  des  moteura  pour 
permettre  l'utiiiaation  de  tela  regimes. 


REFERENCES  : 


1  -  Application  of  energy  concepts  to  the  determination  of  helicopter  flight  paths.  P.  ROtECH  and 
C.  SAMONI  (SNiAS  enginee’ i)  September  1 979. 

i  -  linergency  power  benefi  ts  to  multi-engine  helicopters.  R .!> .  SEKPDE  and  J.H,  YOST  (Boeing  Vertol 
engineers)  Hay  1976. 

3  -  The  engine  effects  on  civil  helicopter  operating  coast  G.  BE21AC  und  Ph.  CnBRIT  (SNIAS  engineers) 
December  I960* 
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NOUVELLE  GENERATION  DE  BIMOTEURS  AEROSPATIALE 
PERFO.TMAf  CESCOMPAREES 


PERFORMANDES  DE  L'HELICOPTERE 
DE  REFERENCE 
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FIGURE  1 


MASSE  MAXIMALE 

4000  Kg 

1 

PMD 

626  kW 

PUISSANCE 

D'UN  MOTEUR  V 

Pill 

625  kW 

_ 

PMU 

680  kW 

|  COEFFICIENT  DE  MOTORISATION 

1.46 
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FIGURE  2 


«).NTSCASACTWST.aiiES  A  IA2ONE0FM0RT 

B  POSE  SANS  POMMAGES  A  L  APPAAEil 


POINTS  caracte  ristioues 


SUPPRESSION  Of  LA  ZONE  Ot  MORT 
POSE  SANS  OOMMAGES  A  l'APPAREIL 


FIGURE  3 


FIGURE  4 
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FIGURE  5 


FIGURE  6 
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IMPACT  DU  ItfaiME  O  UBOf'Ct  tuft  Lit 
Ot  L'HiLICC.'Ttnt  Ot  REFERENCE 


PERFORMANCES  CQMPANEES  DEt  CHFFERENTS  MOTEUR  ENVISAGES 


FIGURE  8 


CHARGE  PAYANTE  ET  COUT  D'EXPLOITATION 


DEFINITIONS 


COUT  TOTAL  EN  OPERATION 

T.O.C.  =  A  +  B.  Pm  +  C  .  ^^2-  +  Pc .  Cu 
TBO  M 

A  :  COUT  DE  LHELICOPTERE,  FRAIS  FINANCIERS. 

MAINTENANCE,  EQUIPAGE  (HORS  MOTEUR) 

Pm  :  COUT  OU  MOTEUR 

TBO:  POTENTIEL  DU  MOTEUR 

Pc  :  PRIX  DUCARBURANT 

CM  :  CC'NSOMMATION  HORAIRE  DU  MOTEUR 

CiiAruc  PAYANTE  TRANSPORTABLE 
Cp  s  My  —  My  —  2  a  C|y|  .  t 

COUT  DU  KG  PAR  KM  TRANSPORTE 
CK  - 

Cp .  V.. 


CHARGE  PAYANTE  ETCOUT  ^UTILISATION 


FIGURE  9 


CHARGE  PAYANTE  ET  COUT  SEXPLOITATION 


FIGURE  '2 


DUREE  DE  VIECALCULEE  DES  TURBINES 


FIGURE  13 
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DISCUSSION 


K. Rosen,  US 

Would  you  plan  on  having  an  automatic  increase  on  the  temperature  limiter  in  the  event  of  an  engine  failure? 
Author's  Reply 

It  is  agreed  that  such  u  limiter  increase  must  be  provided  and  must  be  automatic. 


R.  de  Gaye,  UK 

Does  the  Makila  engine  have  provision  to  reset  the  maximum  level  of  power  on  the  remaining  engine  in  the  event 
of  a  single-engine  failure? 

Author's  Reply 

Not  at  this  time.  However,  the  engine  does  have  capability  of  an  emergency  rating  higher  than  the  normal  maximum 
contingency  rating.  Such  operation  has  yet  to  be  demonstrated. 


R.de  Gaye,  UK 

Could  you  comment  on  the  need  for  sueli  an  emergency  rating  device  since  gearbox  torque  limits  could  also  be  used 
as  a  controlling  device? 

Author’s  Reply 

In  the  case  where  you  do  not  have  a  torque  limiter,  control  of  gearbox  torque  is  certainly  suitable  and  has  been  used. 
However  again,  when  an  automatic  temperature  limiter  is  utilized,  provision  for  by-passing  this  limiter  during  an 
engine  failure  must  be  provided. 


ENGINE/DRIVE/ AIRFRAME  COMPATIBILITY  —  A  WAY  OF  LIFE 


Carl  Albrecht 

Manager  of  Power  Train  Technology 
Boeing  Vertol  Company 
P.O.  Box  16858 

Philadelphia,  Pcnmylvania  19142 


ABSTRACT 


Virtually  all  of  the  helicopter  manufacturers  have  encountered  some  form  of  engine/dri  ve/airframe  compatibility 
situation  for  which  there  was  concern  during  the  early  development  stages  or  during  production  of  a  new  design.  Studies  and 
analyses  of  such  compatibility  problems  have  now  become  commonplace  and  can  be  considered  a  way  of  life  in  the 
helicopter  industry.  This  paper  discusses  various  compatibility  encounters  on  Boeing  Vertol  helicopters,  their  analyses,  and 
their  solutions  as  affected  by  current  technology  and  engine/airframe  manufacturer  relationships. 

GENERAL 

The  concept  of  system  compatibility  is  certainly  not  a  new  one.  Perhaps  one  of  the  earliest  problems  encountered  on 
helicopters  was  that  of  ground  resonance.  This  necessitated  the  need  for  evaluating  the  compatibility  of  the  rotor  system, 
rotor  damping,  airframe  inertia,  oleo  placement  on  the  aircraft,  and  oleo  damping  characteristics.  Because  of  these  early 
experiences  ground  resonance  is  now  well  understood;  the  analytical  tools  are  available  and  are  properly  considered  in  the 
early  design  stages  of  the  helicopter.  Since  these  systems  are  usually  all  under  the  control  of  the  airframe  manufacturer,  there 
is  little  need  to  interface  with  other  subcontractors. 

With  the  sophistication  of  current  turbine-powered  helicopters,  however,  have  come  many  new  problems 
involving  the  compatibility  of  the  major  multidegree-of-freedom  systems:  rotor,  control,  airframe,  drive  train,  and 
powerplant.  It  is  unfortunate  that  problems  related  to  dynamic  interface  items  were  often  among  the  last  to  be  encountered; 
they  therefore  become  the  most  costly  to  correct. 

Extremely  close  communication  is  required  today,  not  only  between  the  several  technical  disciplines  but  also 
between  two  or  more  manufacturers,  if  a  problem  is  to  be  solved  before  the  product  reaches  the  hardware  stage. 

Fortunately  papers  have  been  written  and  reports  issued  that  summarize  the  system  compatibility  experiences  of  the 
various  helicopter  manufacturers.  A  wealth  of  information  on  this  subject  is  available  in  References  1  through  7. 

The  ivmainder  of  this  paper  is  devoted  to  a  detailed  review  of  various  compatibility  encounters  at  the  Boeing  Vertol 
Company  over  tbe  years  from  1964  to  the  present.  The  solutions  to  the  various  problems,  for  the  most  part,  were  not  highly 
sophisticated;  in  fact,  most  solutions  were  attained  from  the  application  of  basic  engineering  principles  to  statc-of-tbe-art 
analytical  and  test  techniques.  Specific  examples  have  been  selected  that  relate  to  each  of  the  various  helicopter  systems. 

ROTOR/ENGINE  COMPATIBILITY 

Situation 

During  a  twin-engine  rotor  start,  three  lag  dampers  were  damaged  due  to  overloading.  This  occurred  on  the 
CH-46E  helicopter  in  1975  shortly  after  higher-powered  T58-GE-16  engines  were  installed. 

Investigation 

The  rotor  lag  dampers  set  as  stops  during  rotor  "low-speed  accelerations.  The  allowable  torque  which  the  dampers 
can  withstand  is  a  function  of  the  rotor  speed,  since  centrifugal  force  on  the  blades  provides  a  relieving  moment  about  tbe  lag 
hinge  and  therefore  decreases  the  amount  of  torque  which  must  be  absorbed  by  tbe  lag  damper.  The  rotor  startup  procedure 
and  fuel  control  management  were  therefore  key  factors  affecting  tbe  magnitude  of  damper  loads. 

The  engine  fuel  control  lever,  which  normally  has  a  linear  relationship  to  torque  from  ground  idle  through 
maximum  power  during  steady-state  operation,  was  found  to  exhibit  nonlinear  characteristics  during  transients.  These 
tr  nsients  resulted  from  various  limiting  functions  within  the  engine  control  system  and  the  required  switchover  from 
g.. -.-generator  power  control  to  power-turbine  speed  governing.  Increased  input  on  the  control  shaft  increased  the  engine 
output  and  decreased  the  time  to  reach  operating  speed.  Because  of  tbe  acceleration/ time  effects  the  pilot  had  very  little 
control  of  tbe  torque  peak. 

Solution 

A  detent,  or  gate,  between  the  GROUND  IDLE  and  FLY  positions  was  provided  to  enable  the  pilot  to  accurately 
dwell  at  a  safe  engine  power  setting  and  thereby  reduce  the  possibility  of  an  overtorque.  Figure  1  shows  the  relationship 
between  the  maximum  engine  torque  developed  and  the  engine  control  shaft  setting,  including  the  effect  of  ambient 
temperature.  The  detent  set  at  the  40-degree  position  of  the  engine  control  lever  provided  assurance  that  the  torque  would 
remain  below  the  continuous  twin-engine  transmission  torque  limit  of  100  percent  down  to  0°F  ambient.  In  addition,  it  was 
required  that  the  rotors  reach  a  speed  of80  rpm  (30  percent)  prior  to  advancing  the  condition  levers  from  the  GROUND  IDLE 
detent.  This  insures  that  the  blades  develop  sufficient  centrifugal  force  to  eliminate  the  possibility  of  overloading  tbe  lag 
dampers  when  rotor  shaft  torque  is  increased. 


Commentary 


The  CH-46  helicopter  must  operate  from  aircraft  carriers.  For  such  operations  it  it  desirable  to  bring  the  rotor  blades 
up  to  speed  as  quickly  as  possible.  This  is  done  with  articulated  rotors  to  prevent  excessive  blade  flapping  that  might  cause 
blade  contact  with  the  fuselage,  due  to  the  gusty,  turbulent  air  conditions  on  the  carrier. 


In  this  particular  case  the  desire  to  reduce  startup  time  was  inconsistent  with  the  loads  generated  during  startup  and 
therefore  a  compromise  was  necessary.  The  transient  analytes  performed  served  only  as  a  guide  in  undersUnding  trends.  The 
final  solution  for  starting  procedures  was  established,  however,  through  testing  and  service  experience. 


Figure  1.  Peak  Engine  Torque  Resulting  From  Rapid 
Advance  From  Ground  Idle 

AIRFRAME/ROTOR/DRIVE  COMPATIBILITY 


Figure  2.  Measured  Alternating  Air  Pressures 


Situation 

A  considerable  amount  of  fatigue  cracking  had  occurred  in  the  secondary  and  redundant  structure  of  the  airframes 
on  CH-47A.  B.  and  C  helicopters  during  1969.  Although  the  cracking  was  not  considered  to  be  a  safetv-of-flight  problem,  it 
did  have  an  effect  on  maintenance  manhours  and  therefore  became  the  subject  of  a  significant  effort  to  establish  the  cause  and 
a  solution. 


Investigation 

The  interacting  systems  were  found  to  be  the  rotor,  drive,  and  airframe.  Flight-test  data  indicated  the  pretence  of  3- 
and  6-per-rev  dynamic  pressure  fluctuations  due  to  rotor  blade  passage  over  the  fuselage.  These  fluctuations,  as  shown  in 
Figure  2,  were  dependent  on  both  helicopter  forward  speed  and  gross  weight.  Figure  3  shows  the  crown  frame  stresses 
resulting  from  the  pressure  fluctuations  tnd  their  relationship  to  the  allowable  stresses. 

In  addition  to  airframe  cracking,  there  was  alto  an  excessive  feilure  rate  of  the  synchronizing  shaft  support  spring 
mounts.  Analysis  indicated  that  the  aerodynamic  pulsea  were  exciting  the  crown  frames  and  the  shaft  mounting  structure  in  a 
coupled  mode  at  near-resonant  conditions. 

Solution 

The  most  simple  and  straightforward  solution  in  this  case  was  to  detune  the  crown  frame  structure  by  stiffening  the 
frames  and  by  providing  proper  synchronizing  shaft  support  mount  stiffening.  The  effect  of  the  structural  modifications  on 
stresses  is  shown  in  Figure  4.  With  stress  levels  reduced  below  the  fatigue  allowables,  the  problem  was  eliminated. 
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Figure  3.  Meowiod  Crown  Frame  Stresses 


Commentary 
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At  that  time  the  uae  of  finite-element  analysis  fur  the  evaluation  of  airframe  structure,  both  from  a  dynamic  analysis 
and  strength  analyaia  viewpoint,  war  in  ita  infancy.  Today,  however,  auch  method*  are  being  uied  by  moat  helicopter 
manufacturer*  and  can  be  used  to  evaluate  airframe  frequencies,  modes,  and  atresaea  due  to  applied  pressure  fluctuations. 
Such  calculations  now  can  and  should  be  performed  during  the  design  stage  and  not  after  the  aircraft  is  in  production. 

DR1VE/A1RFRAME  COMPATIBILITY 
Situation 

In  1964  a  failure  occurred  on  the  connecting  quill  shaft  that  transmits  torque  from  the  combiner  transmission  to  the 
aft  transmission  on  (he  Boeing  Verto)  107  helicopter.  No  metallurgical  deficiencies  were  found  and  the  original  qualification 
teating  did  not  reveal  any  potential  structural  problem  with  the  quill. 

Investigation 

The  connecting  quill  shaft  serves  to  transmit  torque  between  the  combiner  transmission  and  the  aft  rotor 
transmission  of  the  V-107/CH-46  helicopter.  Physically  there  are  two  complete  and  separate  tranamiations,  but  they  are 
connected  by  a  piloted  and  bolted  flange  into  one  unit  as  shown  in  Figure  5.  Because  of  the  arrangement  of  mounts  (four  on 
the  rotor  transmission  ;  d  two  on  the  combiner  transmission)  and  the  airframe  stiffness,  rotor  torque  is  reacted  at  the 
combiner  mounts  as  well  •  at  the  rotor  transmission  mounts.  The  resulting  deflections  of  the  airframe  structure  at  well  at 
internal  deflections  in  each  transmission  impose  displacements  at  each  end  of  the  quill  shaft.  Therefore,  in  addition  to  its 
primary  torque  loading,  the  connecting  quill  shaft  is  subjected  to  secondary  (and,  in  fact,  far  more  significant)  alternating 
bending  loads  which  can  quite  easily  exceed  its  endurance  limit  if  not  adequately  controlled.  This  is  illustrated  in  Figure  6. 


Figure  5.  Transmission/Airframe  Mounting 
Configuration 


Figure  6.  Quill  Shaft  Alternating  Bending  Moment 
Versus  Rotor  Shaft  Torque 


Solution 

The  induced  bending  was  controlled  by  introducing  a  tapered  shim  at  the  bolted  flange  between  the  two 
transmissions.  This  shim  has  the  effect  of  biasing  or  building  in  a  fixed  misalignment  that  is  opposed  to  the  displacements 
induced  by  the  rotor  torque. 

!n  addition  to  the  use  of  a  tapered  biasing  shim,  an  installation  of  this  type  requires  that  manufacturing  tolerances 
be  held  within  tight  limits.  In  this  case  the  concentricity  and  perpendicularity  of  the  pilotrd  flange  surfaces  on  both 
transmissions  are  controlled  so  that  they  cannot  offset  the  effect  of  shimming.  Careful  control  of  the  complete  transmission 
installation  in  the  airframe  was  necessary  to  pievent  unwanted  distortions  since  the  mounting  surface  consistsof  six  points  in 
the  same  plane. 

Commentary 

Once  again,  the  fact  that  this  hclicopte*  was  designed  before  the  age  of  sophisticated  computers  and  finite-clement 
analytical  programs  did  not  permit  accurate  calculations  of  the  structural  airframe  stiffnesses  and  deflections  during  the 
design  stage.  This  capabilty  does  exist  today  and  is  being  used  during  the  design  stage  to  establish  realistic  load  distributions 
and  displacements  of  transmissions  mounted  in  a  flexible  airframe  structure. 

ENGINE/DRIVE/ROTOR  COMPATIBILITY 

Situation 

In  1969  when  the  model  CH-47C  helicopters  with  TS5-L-7C  engines  were  converted  to  the  full  C  model  by 
incorporating  T55-L-11  engines,  fluctuations  in  engine  and  rotor  shaft  torque  were  observed.  The  fluctuations  were  audible 
and  were  disconcerting  to  the  pilot  and  crew.  The  primary  differences  between  the  -7C  and  -11  engines  were  a  50-percent 
increase  in  power  turbine  inertia  and  a  new,  more  responsive,  fuel  control  configuration. 


Investigation 

A  computer  simulation  of  the  CH-47C  rotor  lyatem  with  theYSS-L-11  turbine  engine  waa  made  before  initial  flight 
teiting  began.  The  ciinulation  indicated  favorable  engine  control  liability.  Initial  ground  aud  flight  teiting  with  the  new 
installation  resulted  in  unacceptable  oscillations  in  torque  and  rpni.  The  oscillations  were  observed  only  in  hover  and  on  the 
ground,  not  in  forward  flight. 

A  study  of  pertinent  parameters  indicated  that  the  slope  of  the  blade  lag  damper  force-velocity  curve  below  the 
preload  force  level  had  a  significant  effect  on  torsional  stability.  When  this  curve  was  artificially  stiffened  beyond  its  actual 
limits,  as  ahown  in  Figure  7,  the  analysis  reproduced  the  oscillation.  Once  the  oscillation  had  been  simulated,  the  analysis 
showed  that  it  could  be  eliminated  by  reducing  the  steady-state  gain  and  using  a  slower  fuel  control  response. 

Flight  tests  were  then  conducted  with  a  set  of  lag  dampers  having  a  significantly  reduced  preload  slope  together 
with  the  original  fuel  controls.  The  tests  showed  that  the  oscillation  was  suppressed.  Since  the  lag  damping  capacity  had  been 
reduced,  however,  the  ground  resonance  margins  were  degraded  and  damper  modification  was  rejected  as  a  solution. 

Solution 

Flight  testing  was  conducted  on  a  fuel  control  with  a  30-percent  reduction  in  steady-state  gain  and  an  increase  in 
time  constant.  This  provided  acceptable  engine  torque  stability  in  the  cold  and  over  the  entire  engine  operating  envelope. 
Pilots  noted  that  the  engine  response  to  input  power  demands  was  not  perceptibly  degraded  with  these  slowed-down 
controls.  These  modifications  were  then  incorporated  in  the  CH-47C  flset  and  have  provided  an  acceptable  production  fix. 
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Figure  7.  Lag  Damper  Force-Velocity  Curves  Figure  8.  Final  Torque  Oscillation  Simulation 


Commentary 

The  rotor/engine  control  mathematical  model  required  an  accurate  model  of  the  lag  damper  which  included  the 
hydraulic  spring  effevi  of  ibr  damper,  inclusion  of  this  lag  damper  mathematical  model  into  the  torsional  stability  computer 
simulation  accurately  reproduced  the  torque  oscillation  with  the  original  fuel  controls.  Frequency  of  oscillation,  phasing, 
and  magnitude  of  damper  force,  shaft  torque  oscillation,  and  fuel  flow  fluctuations  were  simulated  accurately.  The  final 
simulation  can  be  seen  in  Figure  8. 

During  the  program,  it  became  apparent  that  the  engine  and  airframe  manufacturers  can  easily  coordinate  their 
efforts  to  prevent  this  type  of  incompatibility.  The  airframe  manufacturer  can  provide  rotor  and  drive  parameters  to  the 
engine  manufacturer  and  the  latter  can  provide  a  model  of  the  engine  and  fuel  control  system. 

ACCESSORY/DRIVE  COMPATIBILITY 

Situation 

During  the  preliminary  airworthiness  evaluation  of  the  CH-47D  helicopter  in  1979,  a  failure  of  the  forward 
transmission  oil  cooler  fan  impeller  occurred.  The  fan  impeller  was  replaced  with  a  new  unit  hut  within  a  few  additional 
flight  hours  this  fan  also  failed.  The  failure  modes  were  identical  to  each  other  and  resulted  in  a  high-frequency  but 
low-magnitude  vibration  due  to  the  unbalance  generated.  These  failures  were  somewhat  puzzling  since  the  impeller  had 
successfully  passed  all  other  standard  vibration  tests. 

Investigation 

The  failures  that  occurred  were  identified  as  fatigue  which  initiated  at  the  junction  of  the  fan  blade  to  the  rim. 
Resonance  surveys  were  conducted  on  the  impeller  which  indicated  potential  resonant  modes  within  the  operating  rpm  range 
of  the  helicopter.  A  dynamic  strain  survey  was  then  conducted  to  evaluate  the  magnitude  of  stresses  at  the  failure  origin  over 
its  full  operating  speed  range. 
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The  mult  of  the  siren  meaiurt meat-  is  ihowu  in  Figure  9.  It  wu  evident  that  the  atresies  were  exceeding  the 
endurance  limit  due  to  a  reionant  amplification  of  the  stresses  at  about  240  rotor  rpm.  Thia  apeed,  however,  ia  considerably 
above  the  normal  operating  apeed  of  225  rpm.  The  helicopter  had  been  flying  at  the  higher  rotor  apeed  primarily  for  the 
acquisition  of  performance  data  and  the  fan  had  therefore  been  operating  at  significantly  higher  atreas  levels. 


A  finite-elemen*  analysis  of  the  impeller  was  conducted  in  order  to  establish  resonant  frequencies  and  mode  shapes. 
Excellent  correlation  was  obtained  between  the  analysis  and  the  resonance  survey  testing.  The  model  thereby  identified  a 
means  by  which  design  modifications  could  be  made. 

It  should  be  noted  that  the  presence  of a  resonance  within  the  operating  range  does  not  necessarily  mean  that  a  failure 
of  that  component  will  occur;  a  substantial  excitation  source  at  that  frequency  it  usually  required.  In  this  particular  case  the 
excitation  source  was  the  spiral  bevel  input  pinion/gear  mesh  at  mesh  frequency  (3,400  Hz).  Since  the  impeller  was  mounted 
directly  on  the  pinion  shaft,  the  normal  attenuation  that  would  occur  with  a  slender,  tors  ionally  soft,  drive  quili  shaft  was 
not  present. 
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Figure  9.  Stress  Response  During  Speed  Sweep  on 
Original  Fan  Configuration 


Figure  10.  Stress  Response  During  Speed  Sweep  on 
Modified  Fan  Configuration 


Solution 

Tilt  fiuiie-cicincni  analysis  indicated  that  by  shortening  the  impeller  blades  by  only  10  percent  the  critical  resonant 
frequency  was  increased  until  it  was  considerably  above  the  operating  range.  The  modifications  were  made  and  the  dynamic 
strain  survey  was  repeated.  The  results  of  die  modification  resulted  in  a  reduction  of  stresses  well  below  the  endurance  limit, 
as  shown  in  Figure  10. 

Although  the  shortening  of  the  impeller  blades  resulted  in  a  slight  reduction  of  cooling  capability,  it  was  adequate 
for  the  initial  development  aircraft.  The  fan  vendor  redesigned  the  impeller  to  increase  the  cooling  capability  to  the  original 
design  requirement  while  insuring  a  resonance-free  operation  within  and  beyond  the  design  operating  range. 

Commentary 

This  represented  a  design  application  where  finite-element  analyses  were  used  to  accurately  establish  on  a  complex 
drive  system  component  the  resonances  causing  failure  and  then  ro  provide  a  solution.  Although  vibration  qualification 
criteria  such  as  MIL-STD-810C  exist  and  are  used  on  Army  helicopters,  the  ac?n»!  environment  (input  excitation)  is  nut 
known  until  after  the  hardware  is  built  and  tested.  The  compatibility  requirements  between  thr  airframe  manufacturer  and 
the  accessory  vendor  would  have  to  be  based  on  experience  obtained  on  similar  installations.  It  should  also  be  noted  that  the 
military  specification  qualification  requirements  do  not  cover  excitations  for  gear  mesh  frequencies  greater  than  2,000  Hertz. 

ENGINE/ AIRFRAME  COMPATIBILITY 

Situation 

In  1970,  shortly  after  the  introduction  of  the  T55-L-11  and  -I1A  engines  into  the  CH-47  helicopter,  field  service 
reports  indicated  an  increase  in  engine,  engine  component,  and  engine  mount-related  problems. 

Investigation 

The  CH-47/T55  engine  installation  is  basically  hard-mounted.  It  employs  two  front  mounts  on  a  yoke  at  the  engine 
inlet  housing  and  an  aft  vertical  support  link  at  the  engine  diffuser  flange  as  shown  in  Figure  11.  The  outboard  yoke-to- 
airt'fame  point  is  connected  by  a  drag  strut  to  take  out  high  fore-and-aft  maneuver  loads.  Engine  vibration  had  rarely  been  a 
problem  on  the  CH-47A  and  B  models  with  this  type  of  installation  and  with  the  T55-L-7  engine. 

An  extensive  in-flight  engine  and  aircraft  strain  survey  conducted  in  1970  provided  a  wealth  of  information  on 
CH-47C  engine/airframe  interface  dynamic  characteristics.  In  particular,  the  survey  identified  rotor  3/rev  as  the 
predominant  excitation  frequency  in  the  engine  mounting  system.  Inlet  housing  stresses  and  drag  strut  loads  were  also 
shown  to  increase  significantly  with  changes  in  rotor  speed,  thereby  indicating  a  resonance.  With  these  findings  a  ground 
shake  test  was  conducted  to  determine  the  resonant  mode  being  excited  by  rotor  3/rev. 


Tlw  duke  imi  revealed  a  14.2-Hertz  rigid-body  yaw  mod*.  Installation  of  tlx  -HA  angint  (40  pound*  heavier) 
dropped  the  modal  frequency  by  0.4  Hem  and,  together  with  a  rotor  tpm  increase  from  the  A  to  the  C  model*,  retulted  in 
operating  in  closer  proximity  to  the  resonance.  The  net  effect  was  an  increase  in  3/rev  inlet  housing  stresses.  Additional 
testing  showed  that  reducing  the  drag  strut  bolt  torque  could  lower  the  engine  yaw  mode  frequency  into  the  CH-47C 
operating  range  (11.5  to  12.5  Hertz).  Complete  elimination  of  the  drag  strut  lowered  the  mode  to7.S  Hertz,  well  below  the 
CH-47C  operating  range.  Removal  of  the  drag  strut,  however,  was  not  a  practical  solution  since  it  was  needed  to  assure 
acceptable  crosi -shaft  alignment  under  high  maneuver  g's  and  jet  thrust  loads. 


Figure  11  CH-47C  T55  Engine  Installation 


Figure  12.  Engine  Inlet  Housing  Stress  at  140  Knots 


Solution 

A  flight  teat  was  conducted  with  a  tlotted  dragt  strut  that  is,  the  strut  war  free  to  move  without  restraint  through 
normal  operating  displacements,  but  it  bottomed  under  higher  maneuver  loads.  The  result  was  a  substantial  reduction  in 
rngine  inlet  housing  3/rev  stresses,  as  shown  in  Figure  12.  The  slotted  drag  strut  did  not  adversely  affect  stress  due  to  other 
prime  rotor  harmonica  or  produce  any  significant  3/rev  response  during  the  engine  starting  procedure.  No  rite  in  stresses 
occurred  when  the  strut  bottomed.  This  was  therefore  felt  to  be  an  adequate  solution.  Experience  has  shown  this  to  be  a 
proper  solution  since  an  liiHi!*'  failure  have  occurred  sine:  Use  slotted  strut  was  iucoipoisisd. 

Commentary 

Analytical  efforts  conducted  at  the  time  to  predict  installation  dynamic  characteristics  met  with  only  limited 
succewa.  Manual  calculations  for  fuselage  stiffnesses  were  used  initially  and  finite-element  model  analyses  were  used  later. 
The  accuracy  of  the  analytes,  however,  was  found  to  depend  significantly  on  model  idealization  and  on  end-condition 
assumption;,  and  therefore  very  detailed  modeling  was  required. 

In  this  esc*  engine  bending  was  not  a  contributing  factor.  In  installations  where  it  it  a  factor,  close  coordination 
bitween  evginc  and  airframe  manufacturers  it  reqnired.  Frequency  modal  analyses  can  easily  be  conducted  with  current 
technology  through  detailed  finite -vltmeut  models  generated  with  close  cooperation  between  the  engine  and  airframe 
manufacturers. 

CONCLUSIONS 

It  it.  evident  from  the  few  examples  cited  that  there  are  many  variations  on  the  cnginc/drive/airfrarac  compatibility 
theme.  It  is  not  always  possible  to  establish  catua-and -effect  rehtionships.  However,  through  s  combination  of  analysis  and 
testily,  props'  compatibility  is  usually  achieved.  Some  specific  conclusions  based  on  the  examples  presented  are: 

1 .  Analysis  and/or  rotor/  drive/enginr  system  integration  testing  is  required  to  establish  optimum  starting,  operating,  and 
hskliig  procedures. 

2.  Airframe  panel  ezeitations  due  to  fluctuating  aerodynamic  pressures  at  rotor  n/ rev  frequencies  should  be  evaluated  with 
a  finite-element  model  of  the  entire  airframe  structure  in  order  to  establish  the  resonant  frequencies  and  the  forced- 
response  stresses. 

3.  Helicopter  engine/drive  system  torsional  instability  can  be  prevented  if  care  is  takeo  to  accurately  represent  both  engine 
and  rotor  systems  in  the  torsional  analysis.  Particular  attention  should  be  paid  to  proper  lag  damper  representation, 
including  hydraulic  compressibility  effects. 

4.  Self-excited  vibrations  of  transmission-mounted  components  can  be  minimized  by  using  finite-element  analytical 
methods  in  the  design  stage  and  by  test  v  reification  of  the  initially  received  hardware.  Analysis  and  testing  should  not  be 
limited  to  rotor  -  per  rev  and  shaft  per  rev,  but  should  include  gear  tooth  tv.tib  frequency  excitations  as  well. 

5.  Accurate  finite-element  method  analyses  and/or  shake  testing  of  all  engine  installations,  whether  bard-mounted, 
deenued,  or  isolated,  are  required  to  determine  potential  vibration  and  stress  problem  areas.  It  is  desirable  to  formulate 
eugine/airframe  manufacturer  interface  agreements  during  the  early  design  stages  in  order  to  obtain  a  timely  resolution 
of  the  potential  interface  dynamic  problems. 
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6.  It  should  he  evident  from  this  review  that  many  of  the  problemi  discus  led  occurred  many  year*  ago  (as  much  as  16). 
Because  of  ti  i  encounter*  the  need  for  compatibility  analyses  between  various  aystenu  was  established  and  has 
therefore  become  a  way  of  life  with  today's  helicopters.  A  combination  of  advatacements  in  technology  and  improved 
communications  between  prime  and  subcontractors  has  significantly  reduced  the  recurrence  of  such  problems  during 
the  past  several  yean. 
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SUMMARY 

Helicopter  transition  flight  regime  and  extreme  flight  maneuvers  determine  abrupt  variation  of  the 
rotor  drag  torque  during  each  revolution.  The  corresponding  effects  on  the  engine  are  particularly  treat- 
ed  in  the  present  paper. 

Rotor  rotational  speed  fluctuations  are  found  to  be  less  than  plus  or  minus  ten  percent.  Repeated 
surging  and  the  attendrnt  transient  torsional  loads  from  the  engine  can  cause  damage  to  the  airframe  com¬ 
ponents. 

The  angular  rotor  acceleration,  cyclically  variable,  is  also  influencing  the  turbine  gas  producer  ro¬ 
tor  speed,  introducing  flow  distortions  and  aerome chan i cal  effects  in  all  the  engine.  It  is  found  that 
periodic  and  inertial  blade  loading  may  have  serious  consequences  with  respect  to  discs  and  shaft  to  which 
the  blades  are  attached.  Flutter  may  by  expected  to  exert  oscillato/y  blade  root  reactions.  The  higher  har¬ 
monics  of  the  excitation  over  the  discs  may  provoke  relevant  flexural  modes  of  forced  vibration. 

Operation  in  transient  rating  with  pitch  increase  or  decrease  has  the  greatest  effect  on  the  heli¬ 
copter  flight  performance,  owing  to  the  power  application  capability  and  the  fuel  control  system  adapta¬ 
bility.  It  is  therefore  shown  that,  for  having  sufficient  engine-airframe  dynamic  compatibility,  aircraft 
developments  have  to  incorporate  some  very  significant  technical  advances,  including  harmonic  integrated 
controls  for  propulsion  and  flight  systems. 


INTRODUCTION 

The  rapid  trim  change  determined  by  the  pilot  during  helicopter  transient  maneuvers  is  quite  often 
interfering  on  the  engine,  in  such  a  way  to  give  inadequate  fuel  feeding.  Moreover,  the  rotor  blade  aero- 
elasticity,  as  result  of  cyclically  variable  airloads,  may  introduce  alternating  stresses  and  fatigue  ef¬ 
fects  on  engine  components.  Because  of  the  rotor-fuselage  integration,  aeroelastic  instabilities  in  ro- 
torcraft  have  to  be  predicted  for  a  more  reliable  engine  control  design.  Ref.  1. 

The  fundamental  limitation  on  helicopter  maneuverability  is  the  rotor’s  maximum  equilibrium  thrust  ca¬ 
pability,  as  instantaneously  delivered  by  gas  turbine  engines  running  at  rpm  much  higher  than  the  main  ro¬ 
tor. 

Fatigue  limits  imposed  on  helicopter  engines  are  more  severe  than  in  other  automotive  applications,  be¬ 
cause  of  the  vibration  level  induced  in  the  engine  core.  Periodic  aerodynamic  and  inertial  blade  loadings 
may  have  serious  consequences  with  respect  to  the  shafts  and  the  dices  to  which  these  blades  are  attached. 
Flutter,  with  either  random  or  uniform  phasing  between  adjacent  blades,  may  exert  oscillatory  root  reac¬ 
tions  that  integrate  for  the  entire  disc  and  excite  a  shaft  resonance. 

Significant  transient  loadings  of  engine  structure  itself  are  associated  with  rotor  blade  torsional 
and  flap-lag  oscillations,  figure  1.  Moreover  g  forces  from  helicopter  turns,  pullups,  hard  lcr.dings, 
etc.,  act  on  the  lifting  and  thrusting  rotor  and  cause  displacement  of  the  rotating  parto  of  the  engine, 
as  consequence  of  accelerations  as  high  as  10  g  in  some  maneuvers.  Large  gyroscopic  moments  are  created 
when  a  spinning  body  such  as  the  turbo-engine  rotates  about  some  axis  other  than  its  spin  axis.  The  size 
of  these  moments  is  a  function  of  the  body  spin  speed,  mass  and  distribution  of  mass  of  the  spinning  parts 
about  their  spin  axes  (as  transmission  systems  with  roller  gear  reduction  unit),  and  the  helicopter  pitch/ 
yaw  rate.  The  resultant  forces  cause  damaging  cyclic  bending  of  the  rotating  disks,  blades  and  shafts. 
Gyroscopic  moments  of  military  helicopters  may  be  of  the  order  of  270  m-kN.  It  should  be  noted  that  gy¬ 
roscopic  forces  are  generated  not  only  by  helicopter  maneuvers  but  can  also  be  induced  on  engines.  With 
the  per  cent  occurrence  of  the  standard  maneuvers  load  spectrum,  the  calculated  lifetimes  may  be  more  than 
5  000  hours  for  the  rotor  shaft,  11  000  hours  lor  the  rotor  hub  and  22  000  hours  for  the  blades,  and  much 
less  for  the  gas  turbine  engine. 

MANEUVERABILITY  AND  ITS  SIGNIFICANCE  FOR  ENGINE  OPERATION 

Considering  maneuverability,  the  load  factor  capability  is  most  important.  The  limits  are:  engine 
^ower  in  a  steady  turn,  and  rotor  stall  in  a  deceleration  turn.  For  future  helicopters,  g  levels  over  3, 
up  to  high  speeds,  will  be  required. 

Maneuverability  is  probably  one  of  the  most  important  requirements  in  military  helicopter  operations.  It 
is  largely  dependent  on  the  type  of  rotor  system  used.  A  high  degree  of  maneuverability  can  only  be  ob¬ 
tained  with  a  rigid  rotor,  figure  2.  In  fact,  for  hingeless  rotors  without  flapping  hinges,  it  is  possi- 


ble  to  transfer  high  moments  from  the  blades  to  the 


Fig.  1  -  Typical  hinge  arrangement. 


hub  and  the  fuselage. 


While  the  relationship  between  maneuverability  and  the  functional  mechanism  is  well  understood  today, 
as  in  terrain  avoidance  maneuvers  and  nap-of-the-earth  flights  in  typical  antitank  missions,  quantifica¬ 
tion  still  poses  some  problems.  Frequent  and  abrupt  changes  in  speed  place  severe  stresses  on  the  engines, 
gears,  and  all  dynamic  parts,  which  are  reflected  in  special  engine  requirements,  as  in  a  terrain  avoid¬ 
ance  compound  maneuver.  From  positive  acceleration,  as  large  as  +  2g  ,  during  pull-up,  the  three  dimen¬ 

sional  mission  is  here  going  on  through  negative  acceleration  (sometimes  ir  between  -  lg  and  -  0.5  g)  in 
the  following  push-over/ roll ing  maneuver,  figure  8.  The  practical  consequences  of  such  maneuvers  are  shown 
in  figure  3  with  the  comparison  of  the  helicopter  exposure  envelope  for  a  hingeless  and  a  teetering  rotor 
(figure  4).  The  reasons  for  the  different  behaviour  of  the  teetering  and  the  rigid  rotor  are  found  in  the 
different  control  moment  capabilities  of  the  two  systems  and  the  corresponding  steering  reactions. 

The  control  helicopters  with  articulated  rotors  is  mainly  done  by  inclination  of  the  thrust  vector  S,  fig- 
gure  5,  thus  producing  a  moment  around  the  center  of  gravity  of  the  vehicle.  For  a  helicopter  with  a 
hingeless  rotor  system,  an  inclination  of  the  thrust  vector  is  combined  with  a  strong  hub  moment,  and  the 
moment  around  the  center  of  gravity  is  a  combination  of  this  hub  moment  and  the  moment  due  to  the  thrust 

inclination.  The  loading  of  the  rotor  shaft  and  the  gearbox  with  its  suspension  is  different  in  the  two 

cases.  For  the  articulated  rotor  the  moment  is  built  up  linearly  toward  the  center  of  gravity;  whereas 
for  the  hingelesB  rotor  the  hub  and  the  shaft  are  subjected  to  a  relatively  high  moment  loading.  Trim 
conditions,  which  need  a  rotor  produced  moment  to  overcome  the  travelling  center  of  gravity,  require  an 
alternating  first  harmonic  moment  in  the  rotating  system  for  the  hinge lest*  rotor.  Because  of  the  equiva¬ 
lence  of  cyclic  control  and  blade  flapping,  only  an 
inclination  of  the  thrust  would  be  necessary.  Higher 
harmonic  blade  loads  resulting  from  the  flow  condi¬ 
tions  in  forward  flight  produce  alternating  forces  at 
the  hub  for  both  rotor  systems,  and,  in  addition,  for 
the  hingeless  rotor,  moments  at  tlx: rotor  root  and  the 
hub.  The  feature  of  the  hingeless  rotor  of  trans¬ 
ferring  high  moments  from  the  rotor-blades  to  the  hub 
and  the  fuselage  results  in  a  changed  situation  for 
the  control  characteristics.  The  control  of  the  hel¬ 
icopter  becomes  more  powerful,  faster  and  more  direct, 
and  nearly  independent  of  rotor  thrust. 

As  in  figure  5,  the  control  moment  around  the  center 
of  gravity  of  the  helicopter  is  only  produced  by  the 
tilt  of  the  thrust  vector,  in  the  case  of  central 
flapping  hinges  with  teetering  articulated  rotors. 

This  moment  is  relatively  small,  but  an  additional 
rotor  moment  is  produced  by  the  shear-forces  at  the 
flapping  hinges.  This  rotor  moment  i6  much  higher 
(about  five  times  that  of  an  articulated  rotor)  in 
the  case  of  the  hingeless  rotor,  which  can  be  consid¬ 
ered  equivalent  to  an  articulated  rotor  with  a  flapp¬ 
ing  hinge  offset  of  about  13  percent. 

Military  helicopters  require  a  maneuver  capabil¬ 
ity  beyond  a  hover  out-of-ground-effect  condition.  A 
power/mancuver  margin  equivalent  to  a  vertical  rate 
of  climb  of  150  mpm  (meters  per  minute)  was  estab¬ 
lished  as  the  minimum  acceptable  reserve.  But  higher  turbu¬ 
lence  levels  are  encountered  with  vertical  component 
of  300  mpm,  as  in  advanced  attack  helicopters.  Typ¬ 
ical  mission  requirements  for  military  attack  and  tac¬ 
tical  transport  helicopters  are:  operation  in  confined 
areas;  vertical  or  near  vertical  takeoffs  and  land¬ 
ings;  downwind  takeoffs  and  landings,  which  increases 


Altitude  over  cover  ^  50  m  for  teetering  rotor 
^  15  m  for  hingeless  rotor 

Exposure  time  n#  9  s  for  teetering  rotor 

'v  25  s  for  hingeless  rotor 

Fig.  3  -  Helicopter  terrain  avoidance  maneuver. 
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Fig.  4  -  Teetering  rotor. 
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demand  for  lift  and  power;  reserve  power  to  arrest  high  sink  speeds  and  zero  out  airspeed  at  the  landing 
zone;  power  requirement  similar  to  vertical  climb  criteria  for  successful  aborted  landing. 


Fig.  5  -  Rotor  control  moment  capacity. 


These  technical  requirements  are  determining  the  configurations  of  future  military  helicopters,  i.e.:  high¬ 
est  possible  maneuverability,  also  in  negative  acceleration  flight  envelope;  dual  engine  concept;  perform¬ 
ance  reserves  at  all  possible  conditions;  dual  redundancy  or  fail  safe  concept  of  all  important  components. 
In  the.  tactical  environment,'  rapid  and  extreme  maneuvers  will  be  necessary,  with:  maximum  load  factors  up 
to  2.5  g;  roll  angles  up  1.4  rad;  rolling  speeds  up  to  0.9  rad/s;  pitch  angles  up  to  0.7  lad;  pitching 
speeds  up  to  0.7  rad/s. 

The  rapid  change  of  these  parameters  up  to  their  extremes  will,  of  course,  result  in  high  loads.  Drive 
systems  are  designed  to  use  1203  of  the  current  power  available  at  the  design  condition  of  1  200  m/308  K. 
In  addition,  these  drive  system  design  criteria  allow  more  efficient  use  to  the  higher  engine  power  avail¬ 
able  at  low  altitudes  and/or  low  temperatures,  where  heavy  weight  alternate  missions  are  required. 

Nearly  half  of  all  accidents  can  be  attributed  to  factors  related  to  inadequate  performance  or  con¬ 
trol  capability.  Nearly  253  of  the  total  are  related  to  inadequate  design  features  which  are  being  cor¬ 
rected  or  enhanced  in  the  new  design,  such  as;  dual  engines  with  single  engine  inflight  capability,  to 
minimize  accidents  attributed  to  engine  failure;  advanced  materials  technology  and  redundant  design  fea¬ 
tures  to  help  eliminate  material  failures;  instrument  flight  capability  to  avoid  weather  related  acci¬ 
dents;  enhanced  damage  tolerance  features  to  minimize  effects  of  foreign  object  damage  to  engine  and  air¬ 
craft  structure. 

One  of  the  critical  mission  that  seizes  the  helicopter  in  the  preliminary  design  stage  is  tne  high¬ 
speed  flight  requirement  at  sea  level  and  3  000  tn  density  altitude  with  an  adequate  performance  envelope, 
figure  6. 

Peak  engine  power  is  required  in  maneuverability 
to  make  rapid  changes  in  flight  path  and  altitude  un¬ 
der  the  precise  control  of  the  pilot,  as,  for  in¬ 
stance,  in  hovering  maneuvers  (turns,  jump  take-offs 
and  quick  descents),  accelerations  and  decelerations, 
and  target  acquisition.  Load  factor  varies  over  a 
wide  range  through  the  maneuvers. 

A  typical  turn  maneuvers  is  described  on  figure  7-  In 
order  to  accomplish  turn  maneuvers,  an  analytic  auto¬ 
pilot  is  required  to  present  the  pilot  flight-path 
control  in  executing  the  maneuver  with  load  factor  as 
high  as  2.0.  After  a  load  factor  build  up  time,  it 
follows  a  maneuvers  execution  time  of  3  seconds  dur¬ 
ing  which  the  load  factor  equals  or  exceeds  the  spec¬ 
ified  level.  For  instance,  the  terrain-avoidance  ma¬ 
neuver  requires  pull-up  to  achieve  1.75  gfs  at  150 
knots  within  1.0  second,  sustain  1.75  g*s  for  3.0  sec¬ 
onds,  push-over  to  achieve  0.0  g  for  1.0  second. 

The  MBB-BO  105  hingeless  rotor  helicopter,  for  in¬ 
stance,  offers  the  potential,  as  other  modern  heli¬ 
copters,  for  acrobatic  loops,  figure  9. 

The  propulsion  system  is  often  responsible  to  fail 
because  of  its  original  deficiency  in  satisfying  in¬ 
stantly  excessive  loading  factors  imposed  on  the  cy¬ 
clically  variable  rotor  torque  during  the  pilot  tran¬ 
sitional  inputs  from  a  flight  segment  to  another.  The 
computerized  fuel  control  is  effectively  inadequate 
to  establish  continuous  equilibrium  between  shaft 
drag  torque  and  delivered  engine  torque,  in  that  re¬ 
sulting  excessive  rpm  inertial  dissipation. 

Moreover,  limitations  are  imposed  up  on  the  opera¬ 
tions  of  helicopters  as  a  result  of  the  high  aero- 
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Fig.  6  -  High  speed  requirement. 


l'ig.  7  -  Typical  turn  maneuver. 
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elaatic  vibration  levels  encountered  in  flight,  and  transmitted  to  the  driving  engines.  The  associated  pe¬ 
riodic  loads  on  the  engine  rotating  parts,  particularly  during  the  so-called  transition  flight  regime  be¬ 
tween  hovering  and  forward  flight  and  during  high-speed  flight,  are  contributing  substantially  to  material 
fatigue  and  consequential  high  rate  of  replacement  and  maintenance  of  component  parts.  Extreme  flight  con¬ 
ditions  are  right  and  left  turns,  rolling  pull-outs,  longitudinal  reversal,  cyclic  and  collective  pull-ups, 
slope  landings  and  starts. 

Output  shaft  rpm  cannot  generally  vary  more  than  10%,  and  gas  turbine  engine  operation  may  become  crit¬ 
ical  ac  the  minimum  rpm  values,  with  a  consequential  loss  of  rotor  thrust. 

Surge  still  exists  in  engines  that  have  been  abused.  Repeated  surging  and  the  attendant  transitu:  torsion¬ 
al  loads  from  the  engine  can  cause  damage  to  the  airframe  components. 

The  interstage  bleed  system  automatically  relieves  the  compressor  of  a  small  amount  of  air,  during  the  pe¬ 
riod  of  the  engine  acceleration  cycle,  at  sLight  loss  of  power.  The  entire  sequence  operation  should  be 
controlled  by  the  fuel  control  which  should  sense  gas  producer  rotating  speed,  fuel  flow  and  pilot  de¬ 
mand,  therefore  ensuring  proper  opening  and  closing  of  the  interstage  air-bleed. 

The  fuel  control  is  a  hydro-mechanical  device,  with  fuel  regulator  and  power  turbine  governor.  The  accel¬ 
eration  and  deceleration  fuel  flow  control  may  be  in  excess  of  the  engine’s  ability  to  immediately  produce 
the  desired  power.  To  get  a  good  performance,  the  amount  of  fuel  added  to  the  air  in  the  combustor  must 
be  exact  at  all  times,  in  acceleration,  deceleration  and  steady  state  engine  operation. 


HORIZONTAL  DISTANCE  (a) 


Fig.  8  -  Typical  terrain  avoidance  Fig.  9  -  Potential  acrobatic  power, 

compound  maneuver. 


As  a  result,  the  engine  should  be  brought  through  transitory  condition  as  rapidly  as  possible,  keeping  the 
rotorcraft  out  of  dangerous  mixtures.  Boost  pumps,  check,  metering,  dump,  pressurizing,  and  shutoff 
valves,  and  pressure  regulator,  of  the  automatic  fuel  flow  system,  are  a  very  complex  matter,  susceptible 
of  possible  malfunctioning  failure  during  rapidly  changing  operation.  The  emergency  fuel  system  must  be 
operated  with  some  care  to  avoid  engine  damage.  Gas  producer  governor  and  power  turbine  governor  are 
sensing  any  deviation  in  steady  state  of  the  corresponding  compressor-turbine  rotor  and  free  turbine  ro¬ 
tor.  The  transient  air-bleed  control  on  the  compressor  rotor  of  the  gas  producer  turbines  is  not  able  to 
operate  correctly  during  power  turbine  rotor  acceleration.  Unsteady  airloads  on  the  helicopter  main  ro¬ 
tor  might  be  so  high  to  stop  at  all  the  combustion  process. 


INFLUENCE  OF  TURBULENCE  ON  ENGINE  RESPONSE  DURING  MANEUVERS 

The  rapid  development  of  helicopters  with  higher  disc  loadings  and  higher  forward  speeds  havenv’dc  the 
gust  loading  problem  more  significant.  A  changed  loading  situation  as  well  as  accelerations  and  motions 
of  the  helicopter  are  caused  by  atmospheric  turbulence;  the  effects  on  structural  loads  are  important  from 
the  design  point  of  view.  From  the  other  hand,  the  analysis  of  atmospheric  turbulence  shows  that  it  con“ 
tains  energy  at  all  frequencies,  from  hundreds  of  hertz  down  to  fractions  of  a  hertz;  the  engine  response 
to  turbulence  during  maneuvers  might  be  aerodynamic  excitation,  with  the  natural  frequency  of  the  funda¬ 
mental  component  of  blade  excitation,  and  critical  resonances. 

Turbulence  is  known  be  a  problem  close  to  the  ground,  particularly  in  the  final  stage  of  the  landing  ap¬ 
proach,  and  in  the  terrain  avoidance  compound  maneuver.  One  relevant  phenomenon  is  the  cold  autflow  of 
air  from  a  thunderstorm  forming  a  squall  front,  which  can  cause  a  very  rapid  change  in  airspeed,  and  hence 
in  rotor  blade  lift-force  and  i.i  engine  operation. 

The  main  response  of  .  helicopter  structure  to  severe  turbulence  is  a  succession  of  differing  magni¬ 
tude  jolts  of  normal  acceleration,  or  a  single  jolt.  The  response  to  a  give  size  of  gust  will  vary  from 
helicopter  to  helicopter,  depending  on  rotor  disc-loading,  speed  and  lift-curve  slope.  If  the  disturbance 
is  of  sufficiently  large  magnitude,  it  can  result  in  structural  damage  to  the  helicopter. 

The  engine  behaviour  is  influenced  by  the  gust  sensitivity  regarding  moments  and  load  factor,  even  if  de¬ 
signed  to  mitigate  their  effects. 

At  high  speeds  the  load  factors  in  maneuvers  with  sharp  edged  gust  impact  are  relatively  high,  and 
the  effect  on  the  engines  become  critical.  Significant  transient  loading  of  compressor  structure  would 
usually  be  associated  with  a  gross  change  in  the  throughflow,  that  is  either  truly  aperiodic  (or  of  very 
low  frequency)-  The  problem  of  sudden  changes  in  throughflow  is  closely  related  to  the  aeroelastic  prob~ 
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lem  of  a  single  airfoil  passing  through  a  sharp-edge  gust  front  in  the  atmosphere,  such  as  might  be  pro¬ 
duced  by  a  remotely  originated  blast  wave.  But,  the  aerodynamic  moment  resulting  from  aperiodic  forcing, 
and  the  corresponding  torsional  blade  or  vane  response,  are  not  important  when  the  disturbance  is  truly 
aperiodic,  since  the  vibration  would  soon  damp  out  due  to  aerodynamic  and  other  forms  of  damping. 

However,  if  the  compressor  is  operating  in  a  cyclic  surging  or  stalling  condition,  the  required  number  of 
cycles  for  fatigue  and  consequent  failure  could  be  accumulated  in  a  short  period  of  time.  Low  cycle  fa¬ 
tigue  might  so  be  encountered  in  compressor  rotor  blades,  nowadays  subjected  to  exceedingly  high  centrif¬ 
ugal  stresses.  The  response  of  rotors  and  shafts,  very  stiff  in  the  axial  direction  and  at  high  natural 
frequencies  in  their  longitudinal  modes,  is  nevertheless  usually  quice  safe. 

Distorted  flow  into  a  helicopter  gas  turbine,  as  consequence  of  turbulence  in  maneuvers,  can  trigger 
engine  instabilities.  The  axial  flow  compressor  is  particularly  sensitive  to  flow  non-uniformities.  Com¬ 
pressor  stall  can  lead  to  engine  surge.  This  condition  may  be  dangerous  depending  on  the  particular  pro¬ 
pulsion  installation  and  engine,  and  on  the  vehicle  maneuver,  because  the  source  of  the  flow  irregular¬ 
ities  is  the  inlet. 

Among  the  propulsion  system  margins  are  buzz  or  inlet  unstart,  compressor  stall,  turbine  inlet  temperature, 
and  mixture  ratio  limits  to  maintain  combustor  flame  stability. 

Vic  >nt  flight  maneuvers  can  cause  high  levels  of  distortion.  Propulsion  stability  depends  on  Mach  num¬ 
ber,  Reynolds  number,  angle  of  attack,  angle  of  yaw,  and  power  setting.  Figure  10  illustrates  regions  of 
propulsion  instability  in  the  velocity  (V)  -  load  factor  (n)  plane.  At  low  velocities,  very  large  angles 
of  attack  are  necessary  to  generate  helicopter  lift.  Large  angle  of  attack  adversely  influences  propul¬ 
sion  stability.  At  higher  velocities,  the  angle  of  attack  is  less  for  a  particular  load  factor  as  a  result 
of  increased  dynamic  pressure.  Unfortunately,  the  increased  dynamic  pressure  also  means  increased  distor¬ 
tion  levels. 

The  direct  effect  of  inlet  distortion  on  aeromechanical  response 
is  not  the  only  one  to  be  considered.  Indirect  effects  of  se¬ 
vere  inlet  distortion  are  also  producing  potentially  harmful 
aerodynamic  environments  for  blading  at  operating  conditions. 

Examples  of  such  indirect  effects  are  the  ones  arising  from  the 
thick  annulus  boundary  layer  and  the  degradation  of  flow  qual¬ 
ity.  The  first  one  may  stall  the  compressor  rotor  blade  tips 
and  give  rise  to  a  rotating  stall  pattern  of  limited  radial  ex¬ 
tent,  giving  rise  to  periodically  reversing  throughflow  and 
surge  (in  the  case  of  massflow  reversal);  the  sudden  forward 
travelling  of  the  compressor  discharge  pressure,  coexisting  with 
the  flow  reversal,  implies  a  pressure  wave,  the  so-called  ham- 
mershock,  going  through  the  compressor  into  the  inlet.  The 
second  one  may  induce  unusually  high  turbulence  levels  and  thick 
wakes  on  the  stator  and  rotor  airfoils,  producing  negative  in¬ 
cidence  in  some  stages  of  the  axial  compressor. 

The  periodic  forcing  on  a  rotor  blade  operating  in  a  cir¬ 
cumferential  distortion  is,  however,  the  most  significant  aer- 
omechanical  response,  because  of  the  multi-term  harmonic  inflow 
conditions.  For  certain  combinations  of  frequency,  cascade  ge¬ 
ometry  and  relative  Mach  number,  very  close  to  aerodynamic  resonance,  rather  large  magnitudes  of  rotor 
blade  lift  and  moment  may  be  obtained. 

The  degradation  of  flow  in  an  axial  turbomachine  may  lead  to  the  onset  of  self  excited  blade  vibra¬ 
tion  (stall  flutter)  or  self-excited  fluid  oscillation  (stall  propagation). 

When  wind  blows  over  the  ground,  a  boundary  layer  develops,  This  layer  may  extend  30  meters  or  more 
above  the  ground.  As  with  all  boundary  layers,  the  flow  is  rotational.  A  turbojet  pumping  air  from  the 
boundary  layer  concentrates  the  vorticity.  This  is  analogous  to  the  vortex  in  a  draining  bath  tub;  the 
vorticity  present  in  the  bath  water  is  concentrated  as  the  tub  drains.  The  vorticity  entering  the  com¬ 
pressor  can  affect  the  stall  margin  in  an  adverse  manner. 

In  the  flight  maneuver  environment,  a  helicopter  turbojet  must  contend  with  internal  perturbations 
cdust-'  by  unusual  flow  at  the  inlet.  For  that,  the  axial  flow  compressor  may  be  required  to  operate  at 
flow  rates  and  pressure  ratios  other  than  the  flow  rate  and  pressure  ratio  for  which  it  is  designed. 

In  addition,  transient  and  unsteady  effects  occur  at  air  intakes,  with  pressure  fluctuations  due  to  un¬ 
steadiness  of  shock  waves,  expecialLy  during  sharp  maneuvers  at  large  variations  of  the  angles  of  attack 
and  yaw. 

Flow  distortions  may  be  even  so  large  to  stop  or  seriously  damage  the  turbojet  engine. 


Fig.  10- Regions  of  instability. 


INFLUENCE  OF  MAIN  ROTOR  AEKOELASTICITY  ON  ENGINE  RESPONSE  DURING  MANEUVERS 

In  maneuvering  flight,  where  sharp  turn  and  abrupt  pull-ups  may  be  required,  severe  blade  stall  can 
be  encountered,  because  of  rotor  rpm  decay  or  high  load  factors.  Recovery  in  these  cases  is  much  more 
difficult,  if  the  rotor  is  quite  high  loaded.  Reduction  of  collective  pitch  and/or  increasing  rotor  (and 
engine)  speed  will  help. 

A  chart,  or  better  a  computer,  is  utilized  for  the  prediction  of  blade  stall.  The  pilot  is  however  ex- 
pec  :ed  to  know  and  avoid  the  general  conditions  conducive  to  the  stall  condition.  The  important  thing  to 


21-6 


remember  is  than  blade  tip  stall  is  not  solely  associated  with  high  helicopter  velocities.  It  can  occur, 
under  certain  conditions,  at  surprisingly  low  forward  speed. 

There  are  numerous  unsteady  aerodynamic  events  that  may  occur  in  a  single  revolution  of  a  helicopter 
rotor  system  operating  at  moderate  to  high  forward  flight.  The  severity  of  the  dynamic  airloads  associ¬ 
ated  with  the  unsteady  aerodynamics  depends  upon  the  specific  operating  condition.  Some  of  the  more  se¬ 
vere  operating  conditions  are:  maximum  forward  speed  in  level  flight,  maneuvering  flight,  rapid  descents, 
and  flared  landings  in  ground  effect. 

The  pratical  limitations  of  rotor  operation  are  analogous  to  turbine/inlec  matching  aerodynamics,  where 
the  fundamental  problem  is  one  of  dealing  with  extreme,  time  varying,  three-dimensional  distortions  of  the 
rotor  inflow  distribution. 

The  transient  Mach  number  effects  on  the  advancing  blade  include  transient  lift,  drag,  and  pitching  mo¬ 
ments  associated  with  the  rapid  movement  of  the  shock  wave  over  the  upper  surface  of  the  blade.  The  in¬ 
teraction  of  the  shock  wave  and  boundary  layer  can  also  induce  transient  shock  stall. 

Helicopter  maneuvering  flight  is  severely  limited  by  unsteady  aerodynamics,  because  of  rapid  increase 
in  magnitude  of  the  rotor  oscillatory  control  loads  and  overall  airframe  vibration  levels. 

The  important  factors  in  the  maneuvering  flight  unsteady  airloads  are  wake  geometry,  tip-vortex  flow, 
blade-vortex  interaction,  and  dynamic  stall. 

It  is  quite  complex  to  simulate  analytically  flight  maneuver  loads  on  heliepter  propulsion  systems, 
considered  as  a  whole  from  the  rotor  to  the  engine.  High-performance  gas  turbine  engines  are  sensitive  to 
not  only  self-induced  cyclically  changing  loads  but  also  to  extremely  induced  loads  which  result  from  hel¬ 
icopter  maneuvers.  These  external  loads  cannot  be  adequately  simulated  for  prediction  of  the  complex  force 
interactions;  and  experimental  data,  obtained  from  flight  tests,  are  not  sufficiently  definitive. 


The  engine  is  expected  to  operate  in  a  very  hostile  environment,  being  exposed  to  extremes  of  temper¬ 
atures,  pressure,  vibration,  and  mechanical  forces  within  the  engine.  In  addition,  the  engine  is  exposed 
to  a  variety  of  accelerations  in  all  directions,  thus  imposing  large  inertial  and  gyroscopic  forces  on  an 
already  complex  loading  environment.  The  engine  is  expected  to  function  under  all  conditions  with  small 
clearances  between  rapidly  moving  and  stationary  parts  and  to  exhibit  little  degradation  in  performance 
after  long  period  of  operation. 

As  it  is  known,  a  typical  flight  procedure  consists  of  a  check  of  output  torque  as  a  function  of  gas  gen¬ 
erator  speed  against  installed  performance. 

An  engine  stall  is  especially  bad  in  a  helicopter  bacause  of  the  rapid  load  reversal  which  occur  in 
Lhe  rotor  uiive  system.  A  stall  is  indicated  by  a  sudden  drop  in  compressor  discharge  pressure  accompa¬ 
nied  by  an  increase  in  exhaust  gas  temperature. 


Forward  speed  is  limited  by  blade  stall  on  the  retreating  side  of  the  rotor  and  by  compressibility  on 
the  advancing  side  of  the  rotor.  In  order  to  keep  roll  moments  balanced  on  a  conventional  single  rotor, 
the  lift  potential  that  can  be  developed  on  the  advancing  side  of  the  rotor  disc  is  limited  by  that  which 
can  be  developed  on  the  retreating  side.  That  can  be  seen  on  figure  11  for  a  conventional  two-blade  sin¬ 
gle  rotor.  Figure  11  compares,  for  a  hingeiess  helicopter  rotor  system,  the  lift  distribution  of  a  con¬ 
ventional  single  rotor  and  coaxial  counterrotating  rigid  rotor.  Ttie  sti ff  blades,  largely  eliminate  classical 

retreating  blade  stall  and  permit  operation  at  higher 
thrust  coefficients  and  advance  ratios.  Moreover,  the 
stiff  blades  are  able  to  operate  more  easily  without 
aeroelastic  instabilities  as  rotor  speed  is  reduced. 
Such  operation  is  required  for  high-speed  flight  where 
the  advancing  blade  tip  Mach  number  should  not  exceed 
a  value  of  approximately  0.85. 

In  the  case  of  moderate  helicopter  advance  ratio  (for¬ 
ward  speed/blade  tip  speed)  and  of  local  incidences 
lower  than  that  of  profile  stall,  the  azimuthal  evo¬ 
lution  of  the  blade  local  loads  (for  a  rigid  three 
blade  rotor)  are  presented  on  figure  12  for  different 
blade  sections  (at  radius  r  in  respect  to  the  tip  ra¬ 
dius  R) . 

The  complex  combination  of  external  and  internal 
operating  forces  and  maneuver  forces  presents  a  big 
obstacle  to  determining  the  distortions  occurring  in 
the  engine  during  helicopter  flight.  Because  of  rotor 
for  movement,  case  bending  and  ovalization,  rotor  shaft 

dual  and  blade  bending,  blade  extensions,  and  thermal 

stresses,  it  is  difi'.cult  to  predict  the  relative  move¬ 
ment  of  engine  components  under  all  flight  maneuvers- 
Abnormal  vibrations  in  an  engine  installation  may  be 

caused  by  malfunctioning  engine-mounted  airframe  accessories,  engine  mounts  and  other  external  connections, 
as  well  as  by  impulsive  flow  phenomena  caused  by  blade-vortex  interaction  on  the  advancing  side  of  the  ro¬ 
tor  disk.  External  airloads  may  be  so  highly  unsteady  to  produce  engine  instabilities,  going  from  the  ac¬ 
companying  the  distinctive  "blade  slap"  acoustic  signature  of  6ome  helicopter  rotors  to  those  determining 
engine  fatigue,  failures  and  stop. 


Fig  11 


Rotor  lift  distribution 
coaxial  counterrotating 
rotor. 


21-7 


w 


The  need  for  accuracy  in  calculation  of  engine-rotor  performance  can  be  emphasized  by  noting  that  a 1% 
change  in  the  lifting  capability  of  a  rotor,  at  a  given  rotor  input,  may  mean  a  10%  change  in  payload  for 
the  helicopter.  From  the  other  hand,  accuracy  in  performance  calculations  is  required  because  the  engine 
could  be  not  able  to  support  instabilities  due  to  unsteady  airloads  on  the  helicopter  rotor. 


With  the  development  of  helicopters  capable  of  higher  flight  speeds,  the  problem  of  blade  stall  flut¬ 
ter  has  become  one  of  major  importance.  Classical  flutter  involves  coupling  between  two  or  more  natural 
modes  of  vibration.  In  stall  flutter,  the  flutter  frequency  tends  to  become  equal  to  the  natural  torsion¬ 
al  frequency.  This  implies  that  in  this  case  the  torsional  (or  pitching)  motion  predominates. 

Large  high-frequency  oscillations  in  torsional  moment  (TM),lift  and 
aerodynamic  moment  coefficients,  on  the  retreating  side  were  de¬ 
tected  in  flight-test  data  taken  from  a  rotor  blade  during  a  maneu¬ 
ver,  as  shown  in  the  plot  of  figure  13.  This  response  was  the  re¬ 
sult  of  dynamic  stall  induced  by  previously  formed  tip  vortices 
which,  under  that  particular  maneuver  flight  conditions,  pass  un¬ 
der  the  blade  at  the  azimuth  positions  indicated  in  figure  13. 

High  vibration  levels  are  established  by  aerodynamic  loading,  and 
aeroelasticity  ot  the  rotor  b!.ides,  and  resonance  of  the  struc¬ 
ture.  Increased  periodic  forces  are  occurring  when  the  rotor 
thrust  is  increased,  during  transition  from  hovering  to  forward 
flight,  and  at  higher  tip-speed  ratios.  The  harmonics  above  the 
fourth  are  generally  below  20  percent  of  the  principal  harmonic 
force.  In  turn,  the  magnitude  of  the  harmonic  forces  other  than 
the  nth  one  for  n-blade  rotor  in  generally  below  50  percent  of  the 
principal  n-th  harmonic. 

The  analysis  of  blade  torque  moments  indicates  the  magnitude  of 
the  harmonic  components  to  be  about  4  ±  5  percent,  respectively, 
of  the  steady  components  of  the  moments. 


Fig.  12  -  Blade  local  load  for  a 
rigid  three  blade  ro¬ 
tor. 


Fig.  13  -  Measured  time  history  of  section  loading  and 
moment  coefficient  and  blade  torsional  response. 

But,  still  now,  rotorcraft  are  operated  at  reduced  speeds,  as  much  as  20%  below  the  forward  velocity 
that  they  might  otherwise  achieve,  because  of  vibratory  environments.  However,  tha  understanding  the 
sources  of  vibration  ia  mute  and  more  required  for  reaching  torward  spesd  as  high  as  370  km/h. 


EFFECTS  ON  THE  ENGINE  OF  HIGH  SPEED  FORWARD  FLIGHT  AND  ABRUPT  MANEUVERS 

In  order  to  keep  the  helicopter  airborne,  static  or  at  a  given  flight  speed,  the  main  rotor  must  pro¬ 
duce  thrust,  by  giving  a  momentum  to  a  mass  nf  air.  In  so  doi  lg,  power  must  be  spent  to  produce  accelera¬ 

tion  of  the  air. 

In  this  condition,  the  engine  must  supply  power  to  overcome  the  main  rotor  induced  and  profile  drag, 

and  power  to  turn  the  tail  rotor  and  surmount  friction  in  the  transmission  and  drive  system,  and  rotor 

losses.  Profile  drag  power  increases  only  slightly  as  normal  forward  speed  is  increased;  but,  at  \ciy 
high  forward  speeds,  and  as  blade  stall  or  stall  flutter  is  entered,  it  mounts  rapidly.  Required  parasite 
power,  varying  as  the  cube  of  the  airspeed,  increases  very  rapidly  at  higher  speeds  and  accelerations.  At 

zero  airspeed,  the  iuduced  power  requirement  is  quite  high,  because  downwash  velocity  is  mar  maximum  val¬ 

ue. 

As  illustrated  in  figure  14,  for  a  helicopter  with  adequate  power  in  normal  flight,  there  is  ample  power 
available  to  permit  hovering  and  climbing  and  to  permit  overlanding  of  the  helicopter  as  airspeed  is  boilu 
up. 

During  high  speed  forward  flight,  the  multi-blade  rotor  drag  torque  Q  is  variable  during  each  revo¬ 
lution,  because  of: 

-  cyclic  pitch  control  (by  blade  feathering)  of  the  amount  of  forward  thrust  for  each  blade,  according  the 

flapping  and  lagging  motion  of  articulated  or  hingeless  rotors,  v’th  blade  stall  vibration  and  unsteady 

aerodynamic  effects  at  very  high  flight  speed; 
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-  coupled  £  lap- lag- torsional  multi-blade  aeroelastic  effects,  figure  15,  stall  flutter  and  air  resonance; 

-  coupled  rotor/fuselage  aeroelastic  feedback  effect  on  the  rotor. 


Adimensional  amplitude  A  Q/Q  and  angular  velocity  O/^average  cyclic  variations  of  the  rotor  torque 
may  be,  near  Lhe  maximum  acceptable  flight  speed,  respectively,  of  the  order  ol  0.1  and  0.05,  as  compared 
with  the  measured  values  of  4  C^/C^  av  ,  4  CT/CT  av  and  4 Cm/Cm  av  (respectively  related  to  the  lift, 

thrust  and  moment  coefficients),  as  in  figures  11,  12  and  13. 


During  transition  flight  regimes  and  extreme 
flight  maneuvers,  as  in  the  acceleration  maneuver  time 
history  on  figure  16,  the  rotor  drag  torque  Q  is  var¬ 
ying  abruptly  during  each  revolution,  because  of: 

-  sudden  airloads  overimposed  to  the  cyclic  pitch 
control  of  the  rotor  thrust; 

-  vibration  and  blade  flexibility  effects,  overimposed 
to  stall  flutter  and  flap-lag-torsional  blade  aero- 
clasticity; 

-  effects  on  the  engine  of  the  strongly  aeroelastic 
system  corresponding  to  the  rotor-fu6elage  integra¬ 
tion. 


Fig.  14  -  Excess  power  in  respect  to  normal 
flight. 


Fig.  15  -  Computed  and  measured  time  history 
of  blade  airloads. 
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Fig.  16  -  A  deceleration  maneuver  time 
history. 


Such  cyclically  variable  main  rotor  drag  and  in¬ 
duced  torque  Q  is  reduced  in  amplitude  and  disunifor- 
mity  to  the  shaft  of  the  free  (power)  turbine.  The 
speed  reduction  ratio  between  engine  and  main  rotor 
is  ranging,  for  the  present  helicopters,  from  70  to 
80  :  1  and  will  be  increased  in  the  foreseable  future. 
About  in  the  same  ratio,  the  main  rotor  torque  and 
frequency  disuniformi ties  are  reduced  to  the  gas  tur¬ 
bine  engine  shaft.  Fortunately,  the  rotor  unstead¬ 
iness  during  a  single  revolution  is  spread  in  70  *  80 
engine  shaft  revolutions! 

Thr  damn i no  action  of  the  t ransmiss icr.  layout, 
irom  the  main  and  tail  rotors  to  the  gas  turbine  en¬ 
gine,  is  necessary  for  a  reliable  continuous  power 
availability.  From  the  other  hand,  the  lifed  items 
in  a  helicopter  transmission  system,  for  example  as 
complex  as  in  figure  17,  must  be  replaced,  due  to 
possible  fatigue  damage  after  expiry  of  a  fixed  flying 
time,  typically  a  few  thousands  hours. 

The  reduction  of  gas  turbine  powcrplant  weight,  in 
comparison  to  previous  reciprocating  engines,  has  made 
possible  to  install  enough  power  for  good  performance. 
Unfortunately,  the  same  kind  of  revolution  has  not 
taken  place  in  the  power  transmission,  where  some  com¬ 
ponents  are  operating  at  very  high  angular  velocity 
and  acceleration.  Since  both  gas  turbine  and  heli¬ 
copter  rotors  operate  at  a  tip  speed  based  on  Mach 
number,  the  rotational  speed  of  the  engines  will  in¬ 
crease  with  advanced  technology  engines,  where  the 
turbine  inlet  temperatures  will  increase  appreciably. 
The  speed  reduction  ratio  will  also  increase. 

Speed  reduction  has  been  accomplished  in  the  past  by 
putting  a  number  of  low-reduction- ratio  units  in  se¬ 
ries.  As  an  example,  the  CH  -  47  Chinook,  figure  18, 
has  an  engine  turbine  speed  of  14  500  rpra,  which  is 
reduced  to  11  500  at  the  engine  gearbox,  then  to  6 780 
in  the  mixer  box.  The  final  gear-box  has  an  overall 
30.72  :  1  reduction  ratio  through  a  bevel  gear  and 
two  planetary  gear  stages  to  a  rotor  speed  of  222  rpm. 
The  gas  turbine  engines  that  have  been  designed  for 
present  helicopter  use,  such  as  the  General  Electric 
T-5B  on  the  AguBta  Bell  204  AS  ,  the  Lycoming  T-53  and 
the  Allison  T-63,  were  required  to  have  an  integral 
gear-box  to  reduce  the  output  speeds  to  approximately 
6  500  rpm,  because  it  was  believed  thia  was  as  high  a 
speed  as  could  be  conveniently  handled  by  heliepters. 

Transmissions  for  front  and  back  engines  are 
shown  in  figure  19  and  20.  A  free  turbines  is  direct- 


ly  untV  *  the  transmission  in  the  solution  of  figure  21. 

A  desi^  .  simplicity  has  been  followed  on  the  transmission  system  of  the  semi-rigid  rotor  Lynx  (figure  2), 
as  on  figure  22.  In  particular,  this  solution  allowed  the  use  of  a  high  reduction  ratio  in  the  final  stage, 
permitting  a  major  reduction  or  transmission  components,  especially  in  the  high  torque  paths.  Thus,  the 
component  numbers  (7  gears  and  19  bearings)  are  reduced  from  44  (16  gears  and  28  bearings)  in  the  Sea  King 
to  26  on  the  Lynx,  with  anticipated  proportional  benefits  in  reliability  and  rapid  growth  of  fatigue  life. 

Inertia  loadings  of  gears,  shaft  and  bearings,  of  the  transmission  system  may  be  serious  consequences 
with  respect  to  the  rttached  gas  turbine  engine.  A  rich  variety  of  vibration  phenomena  gives  rise  to  dis¬ 
torted  throughflow  in  the  engine.  Mechanical  and  aeromechanical  excitations  exert,  in  such  a  way,  danger¬ 
ous  oscillatory  root  reactions  on  the  blades,  Ref.  3. 


DAMPERS 


Fig.  17  -  Helicopter  transmission  layout. 


Fig.  18  -  CH-47  Chinook  transmission  system. 


When  the  rotor  torque  Q  is  reduced  about  70  *  80 
times  to  the  free  (power)  turbine  shaft,  its  periodic 
disunifermi ty „  crested  by  moderate  speed  forward  flight 
at  limited  vibrational  and  aeroelastic  effects,  is 
practically  absorbed  through  the  engine  gear  box  (be¬ 
tween  power  shaft  and  drive  shaft)  and  the  planetary 
gear  unit  (between  drive  shaft  and  rotor  shaft) .with 
passive  heat  production. 

But,  when  the  forward  speed  is  so  high  to  start  blade 
stall  vibration  and  large  amplitude  aeroelastic  ef¬ 
fects,  the  engine  is  quite  largely  influenced  and 
cannot  compensate  the  required  power  fluctuations 
through  the  automatic  fuel  control  action.  We  may 
expect  in  this  case  considerable  compressor-turbine 
and  free  (power)  turbine  vibration  and  engine  flow 
rtisrorrion*  Tn  absence  of  a  self  a c c i n °  automatic 
control,  to  avoid  high  flight  speeds  and  too  abrupt 
maneuvers,  or  in  the  case  of  pilot  error,  engine  fail¬ 
ures  and/or  flarae-outs  could  be  involved. 


Fig.  19  -  Front  engine  transmission. 


With  Qe  and  we  corresponding  to  instantaneous 

values  of  the  power  turbine  shaft  torque  and  the  shaft  angular  velocity,  the  power  balance  at  each  azi¬ 
muthal  rotor  position  of  a  given  flight  condition  may  be  expressed 


Q  •  w  •  n  ■  Q  •  ft  (1) 

e  e 

where  r\  and  ft  are  respectively,  the  mechanical  efficiency,  due  to  power  dissipation  through  the  reduc¬ 
tion  gears,  and  the  main  rotor  angular  velocity. 

The  corresponding  engine  torque  (considering  the  average  torque  Qav  for  such  flight  condition) 

Q  «  Q  •  ft/^  •  n  *  (Q  i  AQ)ft/uj  -  n  (2) 

e  e  av  e 

is  cyclically  variable,  depending  upon  the  rotor  torque  and  the  changing  mechanical  behavior  (expressed 
by  the  value  of  q  )  . 

At  constant  forward  flight  speed,  the  control  fuel  setting  is  such  to  deliver,  with  a  fuel  flow  G,  (N/s), 
(W) ,  corresponding  to  the  following  mechanical  balance 
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G  •  K  •  (Q  •  fl  *  Q  •  w  )/n  •  n  *  n  (3) 

av  av  c  ec  t  in 

where  Qc  ,  cuec  r\  t  and  n  ,  are  torque  and  angular  velocity  of  the  comprese-r  turbine,  and  thermal  and 
mechanical  efficiencies. 

Now,  the  periodically  variable  power  turbine  rotational  acceleration  dcoe/dt  is  depending  upon  the  inabil¬ 
ity  of  the  fuel  control  system  to  vary  instantaneously  the  delivered  power,  and  it  may  be  expressed 

i  dw  /dt  "  A  Q  *  (2/co  •  (J  ♦  J  i  +  J9  +  Ji  +  J  )  (4) 

c  e  e  1  *  5  r 

where:  Jc  is  the  power  turbine  rotor  system  moment  of  inertia,  and  Jj,  J2 ,  J3,  Jr,  are  the  moments  of  in¬ 
ertia  reduced  (trough  the  square  rotation  speed  ratios  (fl/w  )  )  to  the  power  turbine  shaft,  respectively,  of 
engine  box  gear,  drive  shaft,  planetary  unit  gear,  and  helicopter  main  rotor,  (In  a  complete  drive  system, 
as  on  figure  17,  it  has  to  be  taken  into  account  the  tail  rotor  torque  disuniformity  and  the  reduced  moment 
of  inertia  of  the  relative  drive  components). 

The  rotational  acceleration  is  cyclically  variable  according  the  expression  of  AQ  and  (2.  Practical  ly, 
such  acceleration  is  also  influencing  the  gas  producer  turbine  speed,  introducing  flow  distortions  and  aer- 
omechanical  effects  on  all  the  engine. 

The  main  rotor  incremental  torque  AQ,  in  respect  to  the  average  torque  Qav,  is  determining  the 
torque  and  the  rotational  acceleration  do)e/dt  of  power  turbine  shaft  approximately  according  eqs. 

(2)  and  (4),  for  each  azimuthal  angle  of  the  main  rotor. 

Even  though  only  experimental  data  and  directly  measured  values  could  help  to  solve  the  problem,  analytical 
approximate  procedures  may  be  as  it  follows. 

MAT  FAEEMHEll  IS  fl/fSBUR  BY 
FREE  WHElL  H  S  6  SPUR  GEAR  A 
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Fig.  21  -  Transmission  by  free  turbine.  Fig.  22  -  Semi-rigid  rotor  Lynx  transmission. 


Rotor  torque  in  forward  flight  -  With  the  blade  assumed  as  a  rigid  beam  with  a  flapping  hinge,  figure  23, 
the  total  induced  air  velocity  W  relative  to  a  blade  element  distant  r  from  the  no-feathering  axis  (as 
resultant  of  the  induced  airpeed,  the  forward  velocity  V  of  the  helicopter,  and  the  rotational  velocity 
f?  ■  r)  has  a  chordwise  uumpoueitL  u'j  (comprehensive  ot  (2  •  r) 

-  -  V  cosa  sin^  -  (2  •  r  -  -  ft  •  r(x  +  p  sin^)  (5) 

(with:  advance  ratio  u  *  V  cosa/ft  *  R  ,  and  x  -  r/R)  and  a  component  Up  perpendicular  to  the  chord  hav¬ 
ing  ignored  the  spanwise  component). 

In  the  region  of  the  advancing  blade  (0  <  $  <  180e),  the  relative  chordwise  wind  due  to  rotational  speed 
is  increased  by  a  component  of  V  ;  in  the  region  of  the  retreating  blade  (180°  <  ij/  <  360°),  the  component 
of  V  reduces  the  relative  wind.  The  wind  is  blowing  from  the  trailing  edge  to  the  leading  edge  in  the 
part  of  the  retreating  blade,  where  the  forward  speed  component  is  greater  than  that  due  to  the  rotational 
speed,  eq.  (5).  This  happens,  Ref.  1  and  eq.  (3),  in  a  circular  "reversed  flow"  region  whose  diameter  is 
Vi  R*  figure  23. 

The  contribution  from  this  region  is  usually  very  small;  for  u  *  0.3,  the  area  of  the  reversed-f low  re¬ 
gion  is  only  2.5  per  cent  of  the  total  rotor  area  (with  very  small  velocities).  But,  when  u  ■  0.6  and 
more  (well  above  the  top  speeds  of  present-day  helicopters),  the  reversed-f low  region  begins  to  assume  im¬ 
portance. 

The  advance  ratios  are,  for  example,  in  current  or  developmental  status  helicopters: 

-  Agusta  AB  204  AS  ( two-blade  articulated  rotor;  rotor  diameter,  14.63  m;  cruise  forward  speed,  222  km/h; 
normal  rotor  rpra,  295-317;  rotational  blade  tip  speed,  226-243  m/s;  cruise  blade  tip  maximum  forward 
speed,  288-305  m/s ec,  1  037-  i  098  km/h)  p  -  0.253  -  0.273; 


-  UTTAS  (U.S.  Utility  Tactical  Transport  Aircraft  System)  (four-blade  articulated  rotor;  rotor  diametci, 
16.36  m;  cruise  speed,  269-324  km/h;  normal  rotor  rpm,  258;  rotational  blade  tip  speed,  221  m/s;  cruise 
blade  tip  maximum  forward  speed,  296-311  m/s,  1066  km/h  -  1  120  Ura/h)  p  "  0.338  -  0.407; 

-  AAH  (U.S.  Advanced  Attack  Helicopter)  (four-blade  articulated  rotor;  rotor  diameter,  14.63  m;  cruise 
speed,  269-324  km/h;  normal  rotor  rpm,  289;  rotational  blade  tip  speed,  221  m/s;  cruise  blade  tip  maxi¬ 
mum  forward  speed,  296-311  m/s,  1  066-  1  120  km/h)  p  “  0.338  -  0.407; 

-  ABC  (U.S.  Advanced  Blade  Concept)  as  the  XH-59  A  (three  blade  dual  coaxial,  counterrotating,  hingeless 
rotor;  rotor  diameters,  11  m;  maximum  level  flight  speed,  297  km/h;  maximum  level  flight  speed  with 
auxiliary  propulsion,  519  km/h;  normal  rotors  rpm,  333  (238  with  auxiliary  propulsion);  rotational  blade 
tip  speed,  192  m/s  (137  m/s  with  auxiliary  propulsion);  cruise  blade  tip  maximum  forward  speed,  275  m/s, 
990  km/h  (281  m/s  with  auxiliary  propulsion,  1  012  km/h)  p  -  0.43  (1.05  with  auxiliary  propulsion). 

The  torque  dQ  on  a  blade  element  (c  •  dr)  is,  figure  23,  as  function  of  the  lift  dL  and  the  drag  dD 


dQ  -  r(dD  •  cosy  -  dL  *  siny) 


(6) 


It  is,  with  W2 
efficients 


U2  +  U2  =  U2  ,  cosy  2  1 
T  p  T  y 


siny  -  U  /U 
P  T 


C  and  C 
1.  D 


corresponding  to  drag  and  liftco- 


dQ  -  r(C  -  C  U  /U )  }  p  U? 

\J  L  p  1  1 


(7) 


where,  the  first  term  denotes  the  blade  element  torque  dQj  due  to  profile  drag,  and  the  second  term  cor¬ 
responds  to  the  blade  element  torque  dQ^  due  to  rotor  induced  lift. 

Eq.  (7)  becomes,  in  respect  to  the  azimuthal  angle  4>  and  the  adimensional  ratio  x  ■  r/R 


dQ  -  dQ  -  dQ.  - 

d  L 


R4  Ci2 


(x 


siny) 


(C„ 


U  /U  )dx 
P  T 


(8) 


The  rotor  thrust  dS  on  a  blade  element  (c  *  dr)  is,  figure  23 


dS  ■  (dL  cosgp  +  dD  singe)  cosS  -  dL  - 


x5  R3  n2 


2 


(x  +  p  sinif)) 


C,  U  dx 
L  p 


(9) 


The  Vdluet,  yi  ine  lift  and  drag  coefficients  in  eqs.  (8)  and  (9)  may  be  deduced,  with  simple  ideas  of 
induced  velocity  calculated  on  the  assumption  of  the  rotor  regarded  as  a  lifting  surface,  in  function  of 
the  local  angle  of'  attack  a  «  0  +  <p  .  The  angles  0  and  y  ,  for  each  blade  azimuth  y  ,  are  depending  upon 
the  blade  pitch  "collective  and  cyclic"  control  (pitch  control  by  feathering,  figure  1,  contemporarely  all 
the  blades  and  individually  each  blade)  and  the  amplitude  of  the  total  induced  velocity  W  (see  the  induced 


velocity  distribution  according  to  Mangler's  theory, 
For  instance,  figure  24  shows  that  the  rotor  blade 
of  a  particular  helicopter  in  forward  flight, 

V  «  260  km/h,  at  advance  ratio  p  «  0.33  operate 
at  angles  of  attack  which  vary  periodically  each 
revolution.  On  the  advancing  side,  the  angler,  of 
attack  are  small,  while,  on  the  retreating  side 
they  are  large  and,  for  the  greater  part,  corre¬ 
spond  t u  angles  well  above  the  static  stall  angle 
of  a  typical  blade  section.  As  a  given  blade 
advances,  the  tip  vortex  from  the  preceding  blade 
may  pass  closely  underneath  it,  as  indicated  in 
figure  25  for  p  ■  0.2,  and  the  point  of  intersec¬ 
tion  moves  inward  along  the  blade  as  the  azimuLhal 
angle  increases. 

It  is  so  possible,  at  the  cruise  forward  speed 
of  a  helicopter  requiring  a  total  rotor  thrust  S 
for  supporting  its  weight  and  air  drag,  to  evalu¬ 
ate  appropriate  values  of  C^,  C^,  Up  and  llj.  as 
necessary  for  applying  eq.  (8). 

For  each  azimuthal  angle  (referred  to  a  blade 
of  Che  rotor)  and  for  all  the  blade  elements,  and 
the  b  blades  of  the  rotor,  we  may  get  the  total 
torque  l  dQ  required  to  overcome  the  induced  drag 
and  the  profile  drag.  Adding  to  such  a  total 
torque  the  torque  necessary  to  turn  the  tail  ro¬ 
tor,  the  value  of  'Qav  -  & Q)  e9*  (2)  is  ob¬ 
tained.  The  periodic  distribution  of  the  rotor 
torque  is  shown  on  figure  26. 


Ref.  4). 


Fig.  23  -  Variation  of  blade  torque  with  azimuth 
angle  in  forward  flight. 


The  average  torque  Qj  av  lor  b  constant  chord  blades,  due  to  profile  drag,  is 


R  2n 


Q,  -  (b/2 

d  av 


J  p  0|  •  C  •  c  •  r  •  dr  ■  d*  - 


(b/4n) 


.,/  f 

o  o 

f»  c  n?  R4  J  C^(x  +  ii  sini^)?  *  x  *  dx  * 


1  2v 


r)  •  b  •  c  •  tt2  R1*  •  C  (1  +  p?)/8 
L)  av 


(10) 


assuming  an  average  value  CD  av  of  the  drag  coefficient. 

The  average  torque  av  for  b  constant  chord  blades,  due  to  rotor  induced  drag,  is 


C  •  U  ■  c  •  r  *  dr  •  dil»  " 
L  p 


o  o 


(uT  up  e 


U2)  x  ■  dx  •  dip 
P 


(11) 


where  it  has  been  considered  -  a(0  ♦  f ) ,  with  a  constant  slope  lift  a. 

To  solve  eq .  ( 1 1 ),  i  t  is  necessary  to  introduce  the  rotor  thrust  d S  on  each  blade  element  as  expressed  by  eq . 
(9),  the  force  component  dll  perpendicular  to  the  no-leathering  axis,  i.e. 

dH  -  (dD  cosgp-  dL  sing?)  siniji  -  (dL  cosgp  +  dD  singe)  •  sinS  •  cosiji  ('2) 


and  the  air  induced  velocity  profile,  Ref.  5. 


Fig.  24  -  Angle  of  attack  distribution  with 
non  uniform  downwash  for  u“0,33. 


Fig.  26  -  Variation  of  blade  loading  with 
azimuth  angle. 


Fig.  25  -  Intersection  of  following  blade  with 
tip  vortex  trailing  from  a  leading 
blade  for  u  *  0,3. 

The  average  torque  Qav  ,  as  in  eq.  (2),  is  obtained 
adding  the  required  tail  rotor  torque  to  the  values 
carried  out  with  eqs.  (10)  and  (11). 

Finally,  for  each  azimuthal  angle  g  ,  the  values 
of  ±AQ  and  i  A  Q  •  il/u  ,  as  in  eq.  t.2)  and  figure  26, 
and  idu)e/dt  ,  as  in  eq.  (4),  are  obtained,  for  the 
engine  (and  the  transmissions)  transient  response. 

Rotor  torque  in  "over-speed"  forward  flight  and  in 
transient  maneuvers  -  During  "over-speed"  forward 
flight  and  in  transient  maneuvers,  vortex  wakes  spring 
from  tl  •  individual  blades  and  form  a  complicated 
downwash  pattern,  as  the  vortex  elements  spiral  down¬ 
wards  below  the  rotor  plane  because  of  high  Mach  num¬ 
ber  and  changing  incidences.  Moreover,  effects  of 


flexibility  may  determine  complex  blade  bendinge  and  coincidence  between  the  frequencies  of  the  blade  mo¬ 
tion  with  the  frequencies  of  forced  motion  or  the  n  jral  frequencies  of  other  parts  of  the  helicopter. 

The  periodically  varying  aerodynamic  loads  along  the  rotr-i  blades  transmit  vibrations  to  the  hub.  Aero- 
elastic  Coupling  of  rotor  blades  determines  flap-lag  instability,  pitch-lag  instability,  pitch-flap  flut¬ 
ter,  blade  weaving,  and  stall  flutter. 

barge  high-frequency  oscillations  in  prossute,  torsional  moment,  lift  and  aerodynamic  moment  on  the 
retreating  side,  are  detected  during  a  maneuver.  This  response  is  the  reBult  ol  dynamic  stall  induced, 
figure  25,  by  the  previously  formed  tip  vortices,  which,  under  the  maneuver  flight  condition,  pass  under 
the  blade  at  the  azimuth  positions  over  there  indicated. 

Rotor  aerodynamics  simulation  programs  are  -aider  development  for  a  broad  range  of  high  speed  and 
transmission  flight  conditions.  From  thorn,  it  will  be  possible  to  perform  detailed  analysis  of  rotor 
torque  variation,  more  critical  than  that  on  figure  26.  Such  aercelastic  rotor  analysis  contains  the  fol¬ 
lowing  items: 

-  accurate  representation  of  the  rotor  dynamics,  including  the  effects  of  the  centrifugal  force  field, 
blade  twist,  mass  distribution,  stiffness  distribution,  and  the  coupling  effects  between  in-plane,  out-of 
plane,  and  torsion  displacement  of  the  blades; 

-  the  blade  element  aerodynamic  ci efficients  and  Cp  for  stalled  and  unstalled  conditions; 

-  tlie  helicopter  *s  response  to  pilot  control  inputs,  gust  and  other  externally  applied  forces. 

However,  prediction  of  the  rotor  torque  Q  azimuthal  signature  for  "over-speed"  forward  flight  and 
transient  maneuvers  is  a  complex  task  involving  a  high  degree  of  idealization  and  many  assumptions.  When 
the  rotor  system  concerned  is  hingeless,  or  semi-rigid,  the  complexity  of  this  task  is  amplified  by  a 
strengthening  of  the  inter-relationships  that  exist  between  the  three  fundamental  loading  actions  of  over¬ 
all  aircraft  trim  balance,  rotor  systeu.  oscillatory  loading  and  vibratory  forcing  of  the  airframe. 

From  the  other  hand,  the  moor  torque,  Q  and  Qe  ,  azimuthal  signatures,  as  in  eqs.  (1),  (2)  and  (4), 
may  bt  directly  measured  in  flight.  The  collected  data  can  be  used  to  analyze  the  engine  component  behav¬ 
iour  and  the  aerodynamic  load  distribution  in  "over-speed"  forward  flight  and  transient  maneuvers. 

According  test  flights,  limitations  are  established  for  each  type  of  helicopter.  For  instance,  in 
any  kind  of  maneuvet,  the  flight  speed  must  never  overcome  the  maximum  icivuiti  speed  in  the  same  condition. 

Quite  high  inertial  loads  derive,  in  military  helicopters,  from  maneuvers  like  the  ones  shown  on  fig¬ 
ure  3,  6,  7,  8  and  9.  With  load  factors  as  high  at  3.5  g,  sometimes  istantaneuusly  higher,  serious  me¬ 
chanical  damages  and  failures  on  engines  may  be  involved.  With  newel- i ye  load  factors,  as  the  ones  wii  fi¬ 
gure  8,  the  distorted  inlet  flow  may  cause  induced  engine  instability. 

ENGINE  RESPONSE  TO  DISTORTED  INFLOW 

Flight  in  turbulence  and  abrupt  maneuvers  might  induce  distorted  inlet  flows  and  engine  performance 
degradations.  The  combination  of  these  phenomena  to  high  amplitude  (and/or  frequency)  rotor  torque  fluc¬ 
tuations  may  have  serious  consecueuce  on  the  engine  operation. 

The  collapse  of  cxialsimmetry  of  the  flow  in  the  compressor,  at  rotational  speed  lower  than  the  nom¬ 
inal  speed,  causes  rotating  stall.  Although  this  phenomenon  is  confined  only  to  a  part  of  the  compressor 
at  a  giver  moment,  as  in  a  abrupt  maneuver  in  air  turbulence,  and  dc.es  not  severely  affect  the  perform¬ 
ance  map  of  tlie  compressor,  it  is  more  dangerous  than  other  unsteady  phenomena  to  the  survival  of  the  com¬ 
pressor.  In  fact,  the  rotating  stall  is  comprised  of  a  wide  range  of  exciting  frequencies  which  can  in¬ 
clude  self  frequency  cf  cr.c  of  the  blade  lows.  Tnc  rotating  stall  usually  occurs  close  to  the  compressor 
surge  line,  where  the  blade  boundary  layers  are  thick.  In  this  region,  a  wall  stall  or  surge  configura¬ 
tion  usually  sppeais  before  the  rotating  stall  can  stabilize. 

Blade  stalls  ami  rotor-i  nmiced  singes  are  then  ovcui  ring  when  the  distortion  intensity  is  such  that  steady 
or  surge  pressure  ratio  limits  aic  reached. 

During  engine  surge,  dynamics  loads  stress  fixed  and  moving  blades  and  compcnents. 

Compression  and  expansion  wave  over  and  unde r-p re 4 sure  relative  to  pre-6urge  steady  levels  occur  as  a  con¬ 
sequence  of  flow  breakdown  within  the  compressor  of  the  gas  producer. 

Fossible  indirect  client  are  the  beam-likt  vibrations  of  the  shaft,  and  the  flexural  modes  of  forced  vi¬ 
brations  of  the  diucs.  These  disc  modes,  or  blade  and  disc  modes  of  blade  disc  assembl iet ,  consist  of  alter¬ 
nating  patterns  of  axial  displacements  with  increasing  numbers  of  diametral  modal  lint's  and  circular  modal 
lines  for  higher  natural  frequencies.  Failure  prediction  can  then  be  conducted  by  comparing  with  the  re¬ 
sults  of  rotating  disc  faLigue,  testing  under  cortrclled  conditions  of  eneigy  input. 

The  transmission  (from  the  main  rotor  to  the  engine)  damping,  is  an  important  means  of  reducing  blade  am¬ 
plitudes.  The  phenomenon  implies  the  dissipation  of  energy  and  the  reduction  of  wear  of  a  critical  part 
in  the  case  of  structural  dumping  or  the  generation  and  propagation  of  cracks  -loi  g  the  internal  grain 
hounJeiies  of  metallic  alloys.  The  axia.  machines  have  to  be  designed  to  withstand  more  severe  vibration 
environments  by  using  composite  materials. 

Engine  new  technology  is  developing  dynamic  components  (which  have  greater  efficiency,  reliability 
and  vase  of  maintenance),  advanced  materials  (metals  and  composites),  and  advanced  lubrication  concepts, 
high  dynamic  rotor  loads  in  turbulence  limit  ll.e  high  speed  and  maneuverability  capabilities  of  helicop¬ 
ters.  Dynamic  loads  influence  the  reliability  and  maintainability  characteristics  of  a  helicopter  and, 
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hence,  its  life-cycle  coet.  The  goal  of  the  technology  program  is  to  predict  engine  dynamic  performance 
capabilities  during  high  speed  forward  flight  and  transient  maneuvers. 
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SUMMARY 


This  paper  presents  two  different  facets  of  the  propulsion  system/structure  interaction. 


The  first  interaction  covered  in  chapter  1  deals  with  low-frequency  vibration  problems  associated  with  the 
operation  of  the  main  rotor. 

These  problems  are  either  mechanical-material  fatigue  ans  stressing-or  related  to  comfort.  Chapter  1 
describes  the  means  implemented  and  the  research  done  at  Aerospatiale  to  reduce  excitations  and  filter 
their  transfer  from  the  source  to  the  cabin. 

The  second  interaction  type  presented  under  Chapter  2  deals  with  cabin  noise  (frequency  between  100  Hz  and 
10  kHz)  associated  with  the  operation  of  the  reduction  gear  box.  The  vibratory  energy  generated  et  the 
gears  propagates  all  the  way  bo  the  passengers  via  the  air  and  the  structure. 

Chapter  2  describes  the  research,  technological  means  and  methods  used  at  Aerospatiale  to  cut  the  inten¬ 
sity  of  transmission  noise  sources,  the  energy  transfer  between  such  sources  and  the  structure  and  the 
energy  radiation  from  the  structure  to  the  passengers. 


CHAPTER  1  -  VIBRATION  PREVENTION  SYSTEMS  ON  HELICOPTERS 
1.  INTRODUCTION 

Vibration  problems  occur  in  a  very  special  form  on  helicopters  ;  the  rotor  is  a  powerful  vibration 
generator,  causing  problems  that  are  specific  to  this  type  of  machine,  and  one  of  the  most  acute  is  the 
problem  of  forced  vibration. 

This  causes: 

(a)  alternating  stresses  throughout  the  aircraft,  leading  to  problems  of  fatigue. 

(b)  cabin  vibrations,  which  are  a  major  factor  in  an  aircraft  comfort  rating. 
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These  alternating  stresses  are  periodic,  and  their  fundamental  frequency  is  the  rotational  frequency  ol 
the  rotor. 


Depending  on  the  blade  characteristics,  these  stresses  are  amplified  or  reduced  causing  stresses  and 
reactions  in  the  rotor  head.  I t  is  these  reactions  which  cau^c  the  stresses  and  moments  that  make  the 
fuselage  vibrate. 

The  resulting  fuselage  response  depends  on  its  dynamic  characteristics  and  on  the  filtering  devices 
fitted  between  the  rotor  and  the  fuselage. 

It  i:  therefore  important  to  select  the  dynamic  characteristics  of  the  blades  and  fuselage  in  such  a 
way  that  their  response  to  aerodynamic  stresses  will  be  minimal. 
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Aerospatiale  invest  much  effort  in  the  design  of  blades  and  a  fuselage  that  are  dynamically  optimized. 

To  take  the  example  of  the  365N  and  366G,  three  'generations'  of  blades  were  built  and  tested  during  the 
process  of  optimization. 

It  should  be  mentioned  that  the  fuselage  reaction  on  the  dynamic  condition  of  the  blades,  and  the 
effects  of  blade  movement  on  the  aerodynamic  stresses,  can  make  the  problem  of  forced  vibrations  more 
complex. 

The  considerations  of  better  performance,  multiple  roles,  improved  coniort,  new  echnology  (new 
materials,  etc...)  normal  variation  in  production,  and  uncertainty  at  the  design  stage  as  to  the 
aerodynamic  problems  of  forced  vibrations,  have  led  to  the  following  requirements  : 

(a)  either  that  the  moment  giving  rise  to  vibration  should  be  minimized  constantly,  no  matter  what  the 
flight  configuration  and  dynamic  signature  of  the  aircraft.  These  methods  are  known  as  'active  control', 

(b)  or  that  the  dynamic  stresses  transmitted  by  the  rotor  to  the  fuselage  should  be  filtered-  These  are 
called  'filtering  methods'. 

This  paper  will  describe  the  direction  taken  in  the  use  of  these  techniques  by  Aerospatiale  in 
Marignane . 


2.  ACTIVE  CONTROL 

Purpose  :  to  reduce  vibration  stresses  by  multicyclic  variations  achieved  by  swashplate  or  blade  flap 
control.  See  fig.  1. 


Method  : 

Vector  of  multicyclic  law 
Fourier  coefficients 


Vector  of  vibration 
signals  to  be  minimized 


Role  of  C  -  harmonic  analysis  of  signals 

-  monitoring  vibration  level 

-  identifying  and  optimizing  control 

-  Our  experimental  evaluation  of  this  type  of  system  leaves  us  every  cause  for  optimism. 


3.  VIBRATION  FILTERING 

For  a  long  time,  Aerospatiale  has  been  attempting  to  place  filters  between  the  rotor  and  the  fuselage, 
to  prevent  transmission  of  the  stresses  causing  vibration  and  reduce  the  resulting  vibration  levels  . 

SUSPENSION  SYSTEMS 

(a)  The  best-known  example  is  the  'barbecue'  which  is  a  flexible  element  placed  between  the  transmission 
assembly  and  the  fuselage,  to  provide  insulation . 

This  is  illustrated  in  Figs.  2  and  3. 

.  The  one-directional  'barbecue'  on  the  SA  330  Puma. 

.  There  have  been  many  technological  developments  of  this  idea,  leading  to  highly  simplified  and  low- 
cost  systems. 

For  example  :  The  two-directional  MGB  suspension  on  the  AS  350  Ecureuil/As tar.  Tig.  k, 
COUNTER-VIBRATION  DEVICES 

(b)  The  second  method  has  been  to  use  energy  dissipators  or  counter-vibration  devices. 

These  may  be  placed  on  the  rotor  : 

as  rotor  head  counter-vibrators. 

fig.  5  shows  a  bifilar  pendulum  fitted  on  an  Ecureuil  prototype.  Fig. 6  shows  the  production 
Ecureuil/Astar  counter-vibration  device,  with  uses  weights  and  springs. 


Or  they  may  be  placed  on  the  fuselage  : 

Fig.  7  shows  the  soft-mounted  'battery'  resonator  on  the  AS  360  Dauphin. 
SUSPENSION  SYSTEMS  WITH  ENERGY  DISSIPATORS 


(c)  A  combination  of  filtering  through  elastic  components  and  energy  dissipators  lead  to  a  very  compact 
built-in  resonator  system,  as  for  example  LE  SARIB  shown  on  lig.  8. 


4.  CONCLUSION 

Thanks  to  all  the  features  we  have  described,  the  users  of  Aerospatiale  helicopters  are  able  to  fly  in 
a  high  degree  of  comfort. 

The  methods  for  overcoming  the  problem  of  forced  vibrations,  we  have  been  discussing,  are  being 
further  investigated  with  a  view  to  achieving  still  better  results,  with  a  lesser  penalty  in  terms  of 
weight  and,  hopefully,  price.  Further  improvements  become  all  more  essential  a?  the  aircraft 
speed  performance  increases. 


COMMAHOE  -  DIRECT  CONTROL  - 


-  VIBRATION  MEASUREMENT  AND  VIBRATION  ANALYSIS- 

FIG  1 

"ACTIVE  CONTROL-  CfUITROlf  ACHf  DES  VIBRATIONS  - 

PAS  PILOTAGE  MULTICYCLIQUE  DU  ROTOR  put  ' 
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CHAPTER  2  -  COUPLING  BETWEEN  THE  HELICOPTER  PROPULSION  SYSTEM  AND  ITS  STRUCTURE.  PROBLEM  QT  NOISE  IN  THE 
CABIN 


The  total  noise  within  a  helicopter  cabin  is  the  sum  of  the  rotor,  engine  and  power  train  noises 
reaching  the  passengers  via  the  air  or  the  structure. 

Figure  1  gives  the  result  of  a  study  that  has  led  to  the  determination  of  the  contribution  of  each 
individual  source  toward  the  total  noise  within  a  helicopter  cabin.  It  can  be  noted  that  the  noise  induced 
by  the  reduction  gearbox  (MGB)  is  predominant  in  the  range  where  frequencies  are  the  most  annoying 
(200  Hz  to  10  KHz)  and  that  the  type  of  noise  heard  is  above  all  structure-bornc . 


Fig.  1  -  AS  365  Helicopter 

Composition  of  FPL  wither  cabin, 
at  central  aft  location  during 
flight  at  135  kts 

Stripped  interior 


A - A 

» . « 

® - ® 

X»n«u« x# 

MHiHimnmm 


Composite  Sum 

MGB  Structurebome 

MGB  Airborne 

Main  rotor  Airborne 

Turbine  Inlet  -  Airborne 

Turbine  Exhaust  -  Airborne 

Aerodynamic  Excitation 


Such  high  uOlS-:  le ve la  can  be  aLLi'lbuleu  to  the  fact  um  1  the  systems  for  cne  transmission  or  rower 
between  the  engines  and  the  main  and  anti-torque  rotors  induce  very  substantial  high-frequency  vibrations. 

Contrary  to  the  case  of  airplanes  where  it  is  usually  located  far  from  the  passengers,  e.g.  below  the 
wings,  the  power  train  is  attached  directly  on  the  cabin  walls  of  helicopters.  Thus  a  large  part  of  this 
vibratory  energy  is  introduced  into  the  helicopter  cabin  structure  which  converts  it  in  the  immediate 
proximity  to  the  passengers'  heads  into  sound  energy. 

It  must  be  noted  that  the  level  of  noise  inside  the  cabin  of  old-design  helicopters  is  such  that 
repeated  exposure  to  such  noise  without  any  ear-protection  may  lead  to  an  irreversible  loss  of  hearing. 
Increasing  the  structure  weight  is  the  most  obvious  remedy  to  this  noise  problem. 

However,  as  one  knows,  great  efforts  were  nade  to  improve  the  payload/empty  weight  ratio  on  helicopters, 
so  we  felt  it  necessary  to  look  for  technical  solutions  with  a  lesser  weight  penalty. 

That  is  why  we  have  been  looking  for  several  years  at  the  problem  of  MGB-induced  noise  inside  a 
helicopter.  To  that  end,  we  have  studied  the  methods  that  lead  to  :  (see  figure  2) 

-  a  reduction  in  the  generation  of  vibration  sources, 

-  a  limited  transfer  of  vibration  energy  from  the  vibration  sources  to  the  structure,  the  main 

objectives  being  t 

1.  to  prevent  the  excitation  frequency  from  matching  the  natural  frequency 

2.  to  dissipate  the  energy  before  it  reacnes  the  structure 

3.  to  limit  the  vibratory-to-acoustic  energy  conversion  process  in  the  structure. 


FIG  2  HELICOPTER  CABIN  NDiSF 


generation 
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1.  NOISE  SOURCE  -  MESHING  NOISE  REDUCTION 

Gear  meshing  is  a  noise  and  vibration  generator  due  to  its  design  and  realization  ;  angular  meshing 
errors  generate  vibrations  which  will  excite  the  structure  (refer  to  figure  3). 


EFFECT  OF 
LOAD 


GEAR  CORRECTION 


MACHINING 

ERROR 


'  FIG.3-GEAR  TOOTH  DESIGN  FACTORS  IN  THE  GENERATION 
OF  GEAR  MESHING  NOISE 

Until  the  last  few  years,  the  compromise  made,  at  the  design  stage,  between  the  various  gear  parameters 
had  as  a  main  objective  as  ligth a  weight  ”  possible  while  ensuring  a  satisfactory  service  life. 

Tor  that  purpose,  gear  toothing  w,,s  desigred  to  work  the  closest  possible  to  the  maximum  permissible 
stresses  and  specific  pressures,  but  also  to  limit  axial ,  radial  arid  tangential  loads  on  bearings. 

This  choice  is  the  contrary  of  '".a  continuous  meshing  concept,  as  the  tooth  bending  inercaseswith  the 
load  ;  the  low  driving  and  overlap  ratios  achieved  with  low  spiral  angles  or  modules  induce  sudden  load 
variations  during  mashing  and  do  not  ensure  the  compensation  of  machining  errors  which  would  require  the 
siiriult.ir.eous  meshing  of  several  teeth. 

In  a  fii-st  stage,  we  have  measured  the  angular  meshing  error  on  a  pair  of  pinions,  under  no  load, 
using  a  GOULDEK  Mi K RON  checking  machine  (refer  to  figure  4). 

Hie  results,  in  analog  form,  recorded  on  paper,  clearly  show  the  existence  of  tooth  profile  errors 
superimposed  on  an  offset  error  or  distortion  of  the  basic  circle.  The  spectral  analysis  of  these  analog 
signals  allows  the  separation  of  these  phenomena  and  the  quantification  of  the  effect  of  additional 
parameters,  such  as  backlash. 
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.  FIG.4  _  ANGULAR  MESHING  ERROR  . 


Example  of  toothing  geometry  moriilicat  ion  (see  figure  5) 


O.i  the  SA  365  and  SA  360  main  gear  box,  the  input  spiral  bevel  gear  toothing  has  been  re-designed  taking 
the  acoustic  aspect  into  account  ;  the  tooth  bearing  pattern  has  been  optimized  to  ensure  a  better  meshing 
continuity . 

The  gain  achieved  over  the  original  meshing  is  approximately  15  dB  and  12  dB. 


_  FIG.  5-  EFFECT  OF  PINION  DEFINITION  CHARACTERISTICS  ON 
GEARBOX  MESHING  FREQUENCY  NOISE 


SPIRAL  ANGLE  _ 
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ISA  365  INPUT  SPIRAL  BEVEL  GEARS! 
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Effect  of  tooth  surface  treatment  on  gear  box  noise 

Introducing  specific  additives  into  the  lubricating  oil  of  the  engine  gear  box  allows  a  substantial 
noise  reduction  of  6.5  dB  in  1/3  octave  meshing  frequencies  thanks  to  the  improved  contact  quality  of  gear 
toothing  surfaces  (see  figure  6) . 


500hz  Ikhz  2khz  4khz  8khz 

-FI6.6-  Effect  of  tooth  surface  treatment  on 
gear  box  noise 


2.  TRANSMISSION  BETWEEN  SOURCE  AND  CABIN 


2,1.  Dynamic  behavior  of  detail  parts 


If  a  meshing  concept,  taking  the  acoustic  aspect  into  account,  is  a  necessary  condition  to  achieve  a 
low  noise  level,  it  is  not  sufficient.  In  fact,  in  the  transfer  of  vibration  energy  to  the  structure,  the 
dynamic  behavior  of  each  of  the  components  constituting  the  transfer  path  (pinions  -  shafts  -  bearings  - 
casing  -  main  gear  box  attachment  fittings)  has  to  be  considered. 

Axisymmetric  part  modes  (pinions,  shafts) 

In  a  first  stage,  an  experimental  and  theoretical  mode  determination  has  been  made  for  the  parts 
constituting  the  gear  train. 

Refer  to  figure  2  for  the  results  of  a  mode  determination  made,  using  a  laser  holography  method  and  a 
finite  element  mathematical  model,  on  a  spiral  bevel  and  planet  gear  assembly. 

The  mathematical  model  established  allows  the  determination  of  the  axisymmetric  part  modes  under  load 
and  in  rotation. 

The  agreement  between  modes  calculated  and  those  measured  in  laboratory  using  laser  h biography  is 
excellent  >41  to  7-8  KHz. 
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FIG.8.  Comparison  of  component  natural  frequencies  with  gear  meshing  frequencies 

This  difficulty  of  mastering  the  full  gear  train  dynamic  behaviour  has  been  checked  on  an  actual  main  gear 
box  in  which  the  spiral  bevel  ring  gear  rigidity  had  been  modified. 

Figure  9  shows  the  changes  in  noise  levels,  measuied  on  the  acceptance  test  bench,  for  one  of  the 
spiral  hevel  gear  meshing  frequencies  versus  rotational  speed  and  in  two  different  configurations  : 
initial  ring  gear  and  reinforced  ring  gear.  According  to  the  rotational  speed,  the  modification  may  he 
beneficial  or  not,  and  for  non  negligible  gains  achieved  at  nominal  r.p.m.  at  this  frequency,  then;  were 
appreciable  losses  at  other  meshing  frequencies. 
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FIG.  9-  Influence  of  stiffening  of  spiral  bevel  ring  gear  on  the  gear  noise  (2nd  meshing 

harmonic) 
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The  introduction  of  seine  damping  throughout  the  gear  train  seems  to  be  a  uselu’  line  to  prospect 
with  a  view  to  inducing  the  gear  train  dynamic  responses.  A  mathematical  model  established  allows  the 
deteivtinaiion  of  the  forced  response  for  damped  axisymmetric  parts. 

rigurtf  10  shows  the  treatment  applied  on  the  web  of  a  cyJindric  gear,  and  the  damped  and  undamped 
responses  of  this  web  under  harmonic  meshing  load. 


,{  damped  response 
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Casing  modes 

Knowing  tin-  main  gear  box  casing  dynamic  bt ’-u-viour  is  a  very  important  factor  j  in  fact  • 

-  i)ue  f:c  the  vibration  of  its  wall,  the  v  l  sourer  of  noise. 

-  The  vibration  enugj'  generated  s’.  il.t  ro.;rcc  a.-':  trani.’ilt  ■  ad  .e  the  casing  tin-  ugh  tin:  hearings 
wili.  reach  the  structure  through  tile  casing  auachiuen’  p-'-mts  I’uin  gear  box  suspend  ion  oars  and 
ilexibic  ni-n’iting  plate.'. 
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-  The  casing  supports  the  shafts  and  thu*.  ensures  proper  positioning  of  meshing  gears,  hence  the  risk 
or  coupling  between  the  excitation  and  casing  response. 

Mi'J.ii  determination  in  laboratory  : 

A;  for  uxisynimo t ric  parts,  modal  J-* tennin.i t ion  has  been  made,  in  laboratory,  on  a  main  gear  box 
easing  using  the  laser  h  >iogruphy  me  tin  d. 

1'igurv  11  ahows  two  examples  of  mode  do  tor'ninu  tier.  on  a  casing.  On  «he  prototype  casing,  it  has  been 
noted  that  a  natural  frequency  ol  1792  Hz  was  close  to  the  spiral  bevel  gear  meshing  frequency  of  IBjO  Hz. 

A  structural  change  (stiffening  ol  casing  through  a  rib  located  at  mid-height)  has  relocated  the 
naturae  frequency  from  1792  Hz  to  IT'jO  Hz  and  generated  a  now  mode  at  1729  Hz.  As  there  is  a  slippage  of 
natural  frequency  according  to  the  load  (from  1792  Hz  to  Ib'jO  Hz)  the  modified  casing  should  no  longer 
have  natural  frequencies  in  concordance  with  the  spiral  bevel  ring  gear  meshing  frequency.  In  fact,  a  gain 
of  some  dB's  has  been  noted  during  the  bench  testing  of  this  modified  casing. 

Pro vi s ioiial  determination  of  casing  mod^s  : 

The  1st  vibration  inodes  of  a  casing  can  be  identified  accurately  through  a  calculation  by  finite 
elements.  However,  since  calculations  are  of  great  magnitude  because  ol  the  complex  shapes  of  the  casings 
it  is  not  possible  today  to  access  high  ranking  modes  through  calculations  (lack  of  accuracy,  too  lor.g 
calculation  times). 

Damping  treatment  on  the  casing: 

As  in  the  case  of  detail  parts  of  The  transmission  system,  damping  the  MGB  casing  seems  to  be  an 
efficient  means  for  reducing  vibration  and  noise  for  a  slight  weight  increase. 

Two  approaches  are  being  investigated  presently  : 

-  either  a  damping  coat  is  applied  on  the  casing  surface. 

-  or  the  casing  is  made  o'  a  high  noise-absorption  material. 

A  prototype  coating  has  been  tested  on  an  MGB  in  flight  and  allowed  a  3  dB  cabin  noise  reduction  for 
an  addition  of  1  kg  extra  weight. 
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MGB  HOUSING  DYNAMIC  CHARACTERISTICS 

MODE  SHAPES  BY  HOLOGRAPHIC  TECHNIQUES  (SA  360) 


NATURAL  FREQUENCIES 

,  .  -Zj - .  r  -  ■  lC>  - 

|l.  PROTOTYPE  GEARBOXj  2.  MODIFIED  GEARBOX 


FREQUENCY:  1  792  H* 


FIRST  FRF.QUE NCY :  T 850  Hi  SECOND  FREQUENCY  ;  1729  Hi 
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2.3.  Dynamic  behaviour  of  complete  main  gearbox  : 

By  controlling  the  dynamic  behaviour  of  the  simple  components  making  up  the  MGB  it  is  possible  to 
avoid  certain  resonance  problems.  Yet  the  interaction  of  all  these  elements  when  the  MGB  is  operating 
under  load  on  a  helicopter  is  not  taken  into  account  . 

Two  types  of  experiments  were  run  on  MGB's  with  a  view  to  illustrating  the  rotation  and  load  effects. 

Response  of  complete  main  gear  box  on  test  bench  (examples  SA  3b0  gearbox) 

(a)  Effect  of  r.p.m. : 

Variations  with  the  rotation  speed  :  noise,  vibration  or  stress  levels  associated  with  each  meshing 
stage  during  operation  on  a  test  rig  were  measured  (see  example  on  figure  12).  These  investigations 
made  it  possible  to  locate  certain  dynamic  and  acoustic  problems  during  operation  but  it  was 
difficult  to  process  the  result  in  the  case  of  MGB’s  with  numerous  meshing  stages. 


MEASUREMENT  PRINCIPLE  ON 
THE  M.G.B.  TEST  RIG 


3 


EXAMPLE 

SPIRAL  BEVEL  GEAR 
FUNDAMENTAL  MESHING  FREQUENCY 


,FI6. 12. EFFECT  OF  R.P.M.  ON 
GEAR  BOX  NOISE 


(b)  Effects  of  Torque  : 


To  check  the  modes  obtained  in  laboratory  tests  on  a  casing  a  (bench  accelerometric  measurement 
(refer  to  figure  13  for  set-up)  showed  there  was  really  a  very  large  response  of  the  main  gearbox 
casing  at  1770  Hz  and  this  frequency  was  moving  towards  1850  Hz  when  torque  was  getting  nearer  the 
nominal  load. 
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„FIG.  13.  EFFECT  OF  TORQUE  ON  THE  DYNAMIC 
BEHAVIOR  OF  MG  B  HOUSING 


Other  parameters  like  mounting  clearances  can  introduce  noise  generating  parasite  dynamic  behaviors  . 

We  are  presently  focussing  our  efforts  on  the  calculation  of  the  dynamic  behavior  of  a  complete 
power  train  by  taking  into  account  all  meaningful  parameters. 

This  work  turns  out  to  be  long  and  utterly  complex  and  it  will  have  to  be  continued  for  several 
years. 

2.4.  Main  gear  box  suspension  bar  dynamic  behaviour  - 

The  main  purpose  of  the  main  gear  box  suspension  bars  is  to  ens  -^e  the  transfer  of  lift  loads  to  the 
structure  ;  the  attachments  on  structure  and  main  gear  box  upper  secij.on  are  made  through  metal  hinge 
fittings . 

Therefore,  the  main  gear  box  casing  vibratory  motions  are  transmitted  to  the  structure  without 
possibility  of  energy  dissipation. 

For  the  SA  360  main  gear  box  bars,  the  first  bending  modes  ,  in  "free-free"  configuration,  have  been 
determined  in  laboratory  (excitation  through  B  and  K  vibrating  pot  and  accelerometric  recording). 
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This  mode  determination,  in  laboratory,  has  allowed  the  validation  of  the  mathematical  model  used  to 
calculate  the  bending  modes  and  the  study  of  the  effect,  on  the  bars,  of  the  hinges  and  weight  (concentrated 
or  distributed  weights). 

Figure  14  shows  the  results  of  the  calculations  made  on  this  main  gear  box  bar. 

We  can  see  the  correspondence  betvsen  the  third  bending  mode  frequency  (1850  Hz)  and  the  spiral -bevel 
gear  meshing  frequency,  together  with  the  large  displacement  to  the  resonant  frequencies  according  to  the 
type  of  weights  added  to  the  bars. 

The  efficiency  of  these  weights  has  been  verified  in  flight  as,  with  1.3  kilogranscf  lead  distributed 
on  the  four  bars,  the  mean  noise  level  dropped  by  u.2  d B  OIL. 


(TXtHIRD  bending  mode  natural  d)  flight  internal  noise  REDUCTIONS 

FREQUENCIES  (COMPUTED)  THROUGH  TREATMENT  Or  M.G.b.  STF.UTC 


FIG14 .  EFFECTS  OF  MSB  STRUTS  OVWAMtC 

characteristics  on  internal  mm 


Other  alternatives  making  use  of  the  flexibility  effect  ol  attachment  points  by  interposing  metal/ 
rubber  laminated  elements  were  also  investigated. Unfortunately  this  type  of  alternative,  is  not  efficient 
unless  the  stiffness  values  car-  be  reduced  to  levels  that,  howe'er,  are  not  compatible  with  the  elongation 
levels  that  are  permissible  cn  helicopters  in  flight. 

2.5.  Dynamic  behavior  of  the  structure.  Conversion  of  vibratory  energy  into  nois^  : 

The  vibratory  energy  introduced  into  the  helicopter  structure  via  the  MGB  attachment  points  spreads 
to  the  entire  structure  and  thereby  creates  a  complex  field  of  vibrations.  The  structure  components  (metal 
sheets,  frames,  stringers  ...)  convert  part  of  that  vibratory  energy  into  acoustic  energy. 

The  characteristics  of  the  viLratopy  field  and  the  intensity  and  directivity  characteristics  o.f  the 
acoustic  field  thus  radiated  depend  on  : 

-  the  excitation  levels  at  a  given  ixequency 

-  the  geometric  characteristics  of  the  cJer^nt..  making  vp  the  structure,  their  urs'wnbly  meda  and  the 
nature  of  the  materials  used. 
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We  have  studied  the  radiation  of  elementary  structures  on  the  basis  of  Aerospatiale  experiments 
but  also  on  the  basis  of  a  large  number  of  publications  dealing  with  this  matter. 

The  structure  of  first -generation  helicopter  cabins  was  made  of  metal  and  comprised  thin  aluminium 
alloy  panels  stiffened  by  stringers  and  frames. 

More  modem  helicopter  designs  make  a  wide  use  of  composite  materials  and  large  size  sandwich 
structures . 

Both  the  dir aipation  of  vibratory  energy  and  the  limitation  of  radiation  on  thin  (metal  or  composite 
materials)  panels  with  special  treatments  combining  visco-elastic  and  weight  characteristics  are  easy  to 
devise,  (see  figure  15) 

Usually  visco-elastic  materials  subjected  to  shearing  stresses  are  used  for  the  sake  of  better 
efficiency . 


-FIG.15-  ACOUSTIC  TREATMENT 


a)  Mass  effect 


m  mass  of  structure 
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M  mass  added 


frequency 


b)  Damping  treatment 


gnfflazra  visco 
structure  pBBNH  elastic 


-FIG.  16.  ACOUSTIC  RADIATION  DIFFERENCE  BETWEEN  A  FIN  METALLIC  AND 
A  THICK  SANDWICH  STRUCTURE 


dB 
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The  main  problem  we  face  is  the  fact  that  the  number  of  products  available  on  the  market  today 
is  very  limited  as  they  must  be  capable  of  meeting  helicopter  criteria  :  resistance  to  fire,  high 
damping  capability  in  a  very  wide  tenperature  and  frequency  range,  resistance  to  oils  and  fuels,  long  life 
etc. . . 


Sandwich  structures  are  more  difficult  to  treat  as  their  radiating  characteristics  are  very  different 
from  those  of  thin  structures.  The  maximum  radiating  factor  for  thin  structures  is  achieved  at  rather  high 
frequencies  {several  KHz)  while  it  is  achieved  at  frequencies  around  only  a  few  hundred  Hz  with  sandwich 
structures.  (see  figure  16) 

The  figure  shows  the  difference  in  acoustic  radiation  between  the  two  types  (thin  and  sandwich)  that 
have  been  designed  for  a  same  helicopter.  It  must  be  noted  that  the  sandwich  structure  radiates  more  than 
the  thin  metal  structure  at  the  most  annoying  frequencies  (1  and  2  KHz).  Conversely  at  low  frequencies, 
the  use  of  a  sandwich  structure  is  very  favorable. 
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SUMMARY  -  Optimising  the  engine  sire  to  the  multi-engine  helicopter's 
needs  is  a  difficult  process  which  has  traditionally  been  carried  out  through 
the  mechanism  of  the  engine  rating  structure.  However,  the  rating  structure 
has  many  limitations  and  does  not  allow  the  best  potential  use  of  the  engine 
to  be  realised  in  service.  The  introduction  of  the  micro-processor  based 
Engine  Monitoring  System  permits  a  re-evaluation  of  the  rating  structure 
and  also  the  presentation  of  limitations  to  the  pilots.  By  using  EMS  it 
should  be  possible  to  achieve  a  better  relationship  between  the  demonstrated 
capability  of  the  engine  as  shown  in  the  Qualification  Programme  and  the 
authorised  release  for  in-service  use.  This  may  be  regarded  as  a  first 
step  to  be  followed  later  by  a  change  of  the  qualification  test  to  a  more 
representative  form  with  the  EMS  giving  a  more  tangible  link  between  bench 
test  and  customer  operation.  This  should  allow  better  use  of  the  engine  to 
be  made  for  the  short  time/high  power  requirement  thereby  allowing  a  more 
efficient  engine  performance  at  cruise  conditions. 


One  of  the  most  vexing  problems  continually  faced  by  the  engineers  in  the  helicopter  industry  is 
how  to  optimise  the  match  of  the  engine  (and  hence  the  power  capability)  to  the  mu  i-engine  helicopters 
needs. 

The  technically  elegant  way  of  achieving  this  is  to  ti*.  a  larger  number  of  smaller  engines  but  there 
are  good  reasons  why  this  way  is  not  being  followed  Buch  as  increases  in  cost,  weight  and  maintenance 
demands.  It  is  likely  that  the  optimum  number  of  engines  for  most  helicopters  will  remain  at  two  with 
three  being  used  only  occasionally. 

Whilst  it  is  as  well  in  discussing  a  subject  such  as  this  to  avoid  any  direct  association  between 
what  it  is  right  to  do  and  the  methods  by  which  it  is  achieved,  nevertheless  it  may  be  that  the  time  is 
right  to  consider  an  alternative  approach  to  the  traditional  engine  rating  structure  for  helicopter  power 
plants  now  that  we  have  the  Engine  Monitoring  System  as  a  viable  weapon  in  our  armoury. 

It  is  proposed  in  this  paper  to  examine  this  subject  in  5  sections:- 

1.  The  rating  structure  and  its  purpose 

2.  The  disadvantages  of  the  traditional  rating  structure 

3.  Consideration  of  the  difficulties  in  changing  the  rating  structure  approach 

4.  The  integrity  of  engine  monitoring  systems 

5.  An  alternative  approach 

1.  THE  RATING  STRUCTURE  AND  ITS  PURPOSE 


The  objective  of  a  rating  structure  is  to  define  a  set  of  power/time  limits  which  enable  the 
helicopter  to  achieve  its  optimum  role  performance  and,  at  the  same  time,  ensure  an  acceptable  level 
of  airworthiness  and  safety. 

It  has  been  long  established  practice  to  test  engines  to  specific  ratings  which  are  mandatory  limits 
on  the  pilot  for  time  of  operation  at  specific  power  levels.  These  form  a  practical  but  approximate 
method  of  limiting  the  rate  of  cumulative  damage  to  the  engine  in  order  to  achieve  acceptable  lives.  The 
format  of  the  testing  required  goes  back  to  the  piston  engine  era  and  ha*  been  modified  but  not  fundament¬ 
ally  revised  since  the  early  days  of  gas  turbines. 

The  rating  structure  in  use  by  the  British  Ministry  of  Defence  is  shown  in  fig.  1  and  is  a  typical 
example  with  minor  variations  of  that  employed  by  all  the  leading  Aviation  Authorities,  both  military  and 
civil,  throughout  the  world. 
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For  any  engine,  ite  ratings  are  validated  by  a  series  of  tests  carried  out  to  strictly  defined  rules 
laid  down  by  the  authorities.  This  is  called  the  Certification,  Qualification  or  Type  Approval  PreceeB* 

Unfortunately  the  conditions  specified  do  not  always  equate  with  the  needs  of  a  helicopter  and 
authorised  variations  have  to  be  built  into  the  processes  with  the  result  that  it  becornes  irrevocably  linked 
with  the  particular  installation. 


A.  TWIN  ENGINE  OPERATION 
Maximum  Continuous 

Maximum  5  minutes 


The  highest  rating  of  the  engine  which  may 
be  used  continuously  in  flight 

The  maximum  rating  of  the  engine  which 
may  be  used  for  a  duration  limited  to  5 
minutes  per  flight 


B.  SINGLE  ENGINE  OPERATION 
Maximum  Contingency 


Intermediate  Contingency 


The  maximum  rating  of  the  engine  which  may 
be  used  for  a  duration  limited  to  2|  minutes 
during  take  off  and  landing 

The  maximum  rating  of  the  engine  which  may 
be  used  for  a  duration  of  1  hour  during 
an  en-route  failure  of  the  other  engine. 


UH 

Fig.  1  -  Rating  structure  terminology.  Twin  engine  rotor  craft. 

Z-l  THE  DISADVANTAGES  OF  THE  TRADITIONAL  RATING  STRUCTURE 

The  gas  turbine  power/llfe  characteristic*  are  basically  Incompatible  with  the  balance  of  the  various 
modes  of  power  requirements  of  the  twin  engine  helicopter. 

Some  of  the  particular  aspects  are  described  as  follows: - 

Power  requirements  -  The  power  demand  of  a  rotary  wing  aircraft  varies  typically  with  air-speed 
as  shown  in  fig.  2. 

As  well  as  requiring  to  be  low  cost,  light  weight,  economical  and  reliable,  the  engine  has  to  provide 
over  a  range  of  ambient  conditions,  levels  of:- 

Power  factor 


i)  Efficient  cruise  power  100 

il)  High  power  for  take  off  and  landing  170 

iii)  Higher  power  for  en-route  flight  after  loss  of  one 

engine  200 

iv)  Higher  power  for  transient  to  forward  speed  and  climb 

after  loss  of  one  engine  in  the  hover  300 

v)  Higher  power  to  maintain  height  in  the  hover  after  loss 

of  one  engine  340 


The  dilemma  that  faces  the  designer  trying  to  cover  this  widespread  of  power  is  all  too  obvious  and 
if  he  decides  to  provide  enough  power  within  tne  traditional  rating  structure  to  meet  (v)  then  the 
engine  suffers  from  being  too  heavy  and  having  a  too  high  fuel  consumption  to  be  optimum  at  (i). 

Operational  environment  -  The  certification  programme  has  to  cover  the  wide  operational 
envelope  in  terms  of  ambient  pressure,  temperature,  humidity,  air  cleanliness  etc. 

The  resulting  effects  on  engine  speeds,  temperatures,  pressures,  vibrations  and  life  are  exoected 
to  be  evaluated  in  a  programme  which  is  already  disproportionately  expensive  compared  to  that  of 
the  helicopter. 

The  programme  has  to  cover  the  full  corners  of  the  envelope  demonstration,  i.  e.  on  the  hottest  day, 
at  the  highest  altitude  with  the  most  inept  pilot  handling  a  low  performance  engine,  made  in  the  worst 
material,  to  the  biggest  tolerances  with  the  most  inaccurate  instruments;  and  of  course,  it  is 
assumed  that  ail  these  factors  can  be  present  at  the  same  time  -  a  probability  that  would  be  regarded 
as  extremely  remote  in  most  walks  of  life. 


AIRSPEED  — ► 

Fig.  2  -  Typical  helicopter  power  requirement 


The  power  requirements  for  a  specific  operation  with  respect  to  day  temperature  are  shown  on  fig.  3, 
It  can  be  seen  that  the  power  requirement  on  a  helicopter  rises  slowly  with  AIT  whereas  the  power 
available  falls  sharply  over  the  same  range. 

This  is  another  basic  incompatibility  which  has  to  be  catered  for  in  the  approval  programme. 

The  dilemma  that  results  is,  if  the  engine  is  tested  at  high  ambient  temperatures,  it  Coes  not 
produce  the  now. r  to  test  the  transmission.  If  the  engine  is  tested  to  the  co'd  day  power  level  it  is 
not  exposed  to  its  maximum  turbine  temperatures.  As  usual  it  Is  a  compromise  between  the  two 
with  auxiliary  tests  being  run  to  make  up  the  short  falls  where  necessary. 

Additionally,  there  are  the  installat,ona)  aspects  which  override  some  of  the  engine  limitation#  and 
by  Impinging  on  the  supplementary  approval  tests  as  they  do,  start  to  make  the  approval  programme 
specific  to  a  particular  type  of  aircraft. 


t 

Power 
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Fig.-3  -  Typical  helicopter  vs  engine  power 

Emergencies  -  The  concept  of  a  rating  is  a  "power"  level  usage  associated  with  a  time  which 
enables  helicopter  performance  to  be  scheduled  in  a  flight  manual  and  checked  by  flight  test. 

This  assumes  that  all  operation  is  normal  -  i.e.  that  the  helicopter  does  not  enter  the  "avoid  areas" 


where  it  will  be  unable  to  fly  on  one  engine.  Hence  in  the  UK  the  use  of  the  word  "contingency" 
rather  than  "emergency".  What  the  contingency  rating  does  is  to  reduce  the  avoid  treat,  but  it 
does  not  unfortunately,  eliminate  them.  It  now  seems  that  helicopter  designers  are  becoming 
Interested  in  eliminating  the  avoid  areas  altogether  by  calling  for  higher  power  levels  to  deal  with 
the  true  emergency. 

If  we  are  going  to  provide  for  the  ability  to  cover  emergencies  then  it  has  to  be  ascertained  that  the 
engine  is  capable  of  doing  so.  It  is  worthwhile  quoting  here  from  the  Civil  Aviation  Authorities 
"Bible"  in  these  matters  -  the  BCAR. 

"Definitions  of  power/thrust  in  terms  of  usage  and  duration  (and  the  use  of  these  to  form  the  basis 
of  certain  flight  manual  limitations)  are  not  Intended  to  remove  the  pilots  right  to  judge  whether  and 
to  what  extent  such  limitations  may  be  ignored  in  emergency  conditions." 

It  seems  to  us,  as  engine  designers,  that  with  the  better  tools  we  now  have  at  our  disposal  we  ought 
to  be  able  to  ease  the  interpretation  of  "emergency  conditions"  by  the  pilot  and  allow  him  to  devote 
his  energies  entirely  to  making  safe  manoeuvres  without  the  worry  of  what  is  happening  to  the  engines 
in  the  process. 

Applications  -  One  of  the  major  problems  faced  by  the  Technical  Departments  of  Aero  Engine 
Companies  is  how  to  cater  for  the  wide  variety  of  rating  structures  that  current  operators  and 
potential  customers  are  seeking. 

This  range  has  been  extended  recently  by  the  proposal  to  insist  on  full  category  A  capability  for  all 
medium  twin  engined  helicopters. 

The  range  covers  such  diverse  items  as:- 

i)  Anti  submarine  warfare  operation,  requring  long  period  hover  ratings  for  sonar  dunking  and 

an  emergency  power  level  for  fly  away  following  single  engine  failure. 

ii)  Armed  attack  warfare  with  high  speed  dash  capability  and  nap  of  the  earth  power  fluctuations. 

iii)  Recovery  and  ferry  of  aircraft  with  single  engine  failures  from  difficult  take-off  sites  such 
as  oil  rig  platforms  or  the  surface  of  the  sea. 

iv)  High  altitude  surveillance  in  mountain  ranges  with  ability  to  elude  sniper  fire-arms  by 
agile  manoeuvrability. 

These  are  just  some  examples  of  the  latest  proposed  uses  of  the  ever  expanding  role  of  the  helicopter 
and  they  all,  in  their  turn,  produce  small  variations  in  the  qualification  requirements  for  the  engine. 
These  can  generally  result  in  a  repeat  type  approval  test  unless  one  is  extremely  lucky  and  has 
covered  the  requ:  ements  inadvertently  during  earlier  programmes. 

Pilot  observance  of  limitations  -  With  the  traditional  rating  structure  the  "red  lines"  on  the  cockpit 
instrumentation  for  engine  temperature  and  speed  can  usually  number  four. 

Four  red  lines  on  a  cockpit  instrument  may  sound  acceptable  but  it  should  be  remembered  that 
engine  instruments  are  not  primary  flying  devices  and  are  therefore  restricted  to  a  small  size 
with  a  small  scale  for  a  large  range.  The  actual  observance  oi  these  limitations  by  the  pilot  is  very 
difficult  and  the  suspicion  exists  that  the  discipline  employed  in  the  observance  of  engine  limit¬ 
ations  may  leave  something  to  be  desired. 

Since  the  clearance  of  the  engine  limitations  forms  a  significant  base  of  the  engine  approval  prog¬ 
ramme,  the  disparity  between  the  effort  that  is  put  into  selecting  and  clearing  these  limitations  and 
the  way  this  information  is  displayed  and  may  be  observed  by  the  pilot  is  extremely  frustrating  to 
engine  designers. 

Gene ral  -  Whilst  the  five  specific  subjects  dealt  with  above  constitute  anomalies  and  irritants  which 
emanate  from  the  rating  structure,  the  general  problem  which  swamps  all  of  them  is  the  disprop¬ 
ortionate  hot  section  factor  damage  which  the  current  rating  approval  process  accumulates  in 
relation  to  other  factors  such  as  low  cycle  fatigue  counting.  The  seriousness  of  this  problem 
manifests  itself  not  in  some  unreliability  in  service  effect  (such  as  would  be  the  case  if  the  LCF 
programme  had  been  of  poor  quality)  but  in  the  far  more  fundamental  form  of  the  engine  being 
basically  the  wrong  size  for  its  applications  and  it  is  this  subject  that  is  dealt  with  in  more  detail  in 
the  next  section. 

3.  CONSIDERATION  OF  THE  DIFFICULTIES  IN  CHANGING  THE  RATING  STRUCTURE  APPROACH 

The  clearance  of  a  rating  structure  Is  achieved  by  what  is  called  the  type  test  in  Britain  and  the  model 
qualification  test  in  the  US.  It  is  150  hours  long  and  has  been  in  existence  since  at  least  the  1950' s.  It  Is 
beloved  of  Airworthiness  Authorities  and  bears  absolutely  no  resemblance  to  actual  customer  use. 


On  the  other  hand,  it  is  regarded  aa  a  very  sound  and  dependable  yaid-etick  as  to  the  measure 
of  an  engine's  suitability  to  enter  service  and  any  suggestion  to  alter  it  is  usually  met  by  trenchant  resist¬ 
ance. 


As  stated  at  the  end  of  the  previous  section,  its  unrepresentativeness  is  mainly  concerned  with  its 
high  use  of  hot  section  damage,  be  it  of  a  conventional  creep  usage  form  with  solid  turbine  blades  or  of  a 
more  thermal  fatigue  bias  for  cooled  blades  and  static  nozzle  vanes.  For  the  purpose  of  this  argument  the 
hot  section  factor  damage  will  generally  be  referred  to  as  creep. 

What  could  be  changed  initially  Is  not  the  type  teat  itself  but  the  relationship  between  the  demon¬ 
strated  creep  capability  during  type  test  and  the  authorised  release  llfe/power  figures  which  come  from  it. 
This  certainly  ought  to  be  a  short  term  target  with  perhaps  a  slow  change  to  a  more  representative  type 
test  to  follow.  Any  change  to  the  type  test  structure  would  probably  require  a  doubling  up  of  new  and  old 
styles  for  a  period  to  demonstrate  consistency  of  standard  and  while  this  is  happening,  programme  costs 
would  probably  increase. 

The  long  term  returns  however,  should  be  very  beneficial  In  relation  to  reduced  cost  of  ownership 
in  service  and  a  more  efficient  use  of  some  of  the  world's  dwindling  oil  supplies. 

The  most  obvious  change  that  could  be  made  to  the  type  test  is  to  impose  the  condition  of  a  torque 
limitation  for  the  normal  temperate  conditions  under  which  the  helicopter  will  operate.  As  was  said  earlier 
there  is  no  recognition  of  this  in  the  regulations  and  if  it  were  employed  it  would  allow  a  greater  proportion 
of  the  creep  usage  in  the  test  to  be  devoted  to  the  tropical  operation  and  thereby  allow  a  higher  engine  temp¬ 
erature  to  be  cleared  for  that  part  of  the  helicopters  use.  Fig.  4  illustrates  this  point  simply. 
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Fig,  4  -  Type  test  with  superimposed  torque  limits 

The  problem  here  is  the  accurate  recording  and  re-allocation  of  the  creep  capability  and  hence  we 
come  to  the  Engine  Monitoring  System.  If  the  proposed  system  with  its  programme  algorithm?  for  hot  end 
usage  (as  well  as  other  functions)  is  run  on  all  the  endurance  testing  during  the  development  programme, 
then  a  sound  basis  of  demonstrated  creep  capability  is  established  which  allows  a  degree  of  flexibility  to 
be  used  in  the  type  of  release  which  the  qualified  engine  can  be  given  for  potential  customer  u r.e.  In  other 
words  by  compiling  a  data  bank  of  the  hot  section  damage  capability  for  the  engine,  a  new  application  with 
its  power  requirements  can  be  evaluated  against  it  to  see  that  the  new  rate  of  damage  and  top  power 
requirements  are  not  incompatible  with  what  has  already  been  demonstrated. 

It  is  interetiting  to  consider  what  happens  today  when  a  rating  is  exceeded,  say  on  an  en- route 
failure  either  in  duration  or  temperature.  The  pilot  reports  it  (let's  be  kind'.)  and  the  operator's 
engineers  consult  the  maintenance  manual.  Invariably  there  are  no  clear  instructions  on  what  to  do,  so  they 
ask  the  manufacturers.  The  manufacturer's  Service  Department  ask  the  Stress  Engineers  who  generally 
say  it's  acceptable.  (There  are,  after  all,  no  definite  rules  to  say  how  many  times  an  OEI  rating  may  be 
used  in  an  aircraft  life).  The  engine  stays  in  service  and  the  aircraft  flies  on. 


If  it  happens  another  eight  times,  say,  the  answer  may  be  different  but  this  Btems  from  two 


reason*  -  one,  the  Incident*  have  been  recorded  and  two,  the  Stress  Engineers  have  knowledge  on  the 
strength  of  materials. 

Recording  and  storing  knowledge  are  things  that  computers  can  do  so  why  can't  this  process  be 
dehumanised  and  put  on  to  a  computer? 

The  above  function  should  be  taken  in  context  with  the  other  necessary  tasks  undertaken  in  an  EMS. 
These  are  limit  exceedence,  rotative  LCF  counting  and  thermal  fatigue  monitoring.  All  are  a  measure  of 
the  usage  of  the  engine  and  become  more  cost  effective  if  integrated  in  one  unit,  Additionally  the  pure 
health  monitoring  aspects  of  performance  trending,  vibration  data  analysis  and  lubrication  system  status 
can  be  added  to  provide  a  comprehensive  monitoring  system. 

LCF  counting  is  not  covered  extensively  in  this  paper  as  it  1*  already  a  practiced  art-form  in  the 
industry.  The  full  EMS  does  allow  however,  a  higher  degree  of  sophistication  to  be  adopted  on  this 
subject  and  an  illustration  of  the  possible  benefits  is  shown  on  fig.  5.  The  three  lines  show  the  progression 
in  authorised,  hourly  life  possible  from  a  demonstrated  cycle  fatigue  programme:  - 

1)  The  lowest  line  represents  the  traditional  approach  with  little  or  no  knowledge  of  the  type  of 

operation  the  customer  is  using,  e.  g.  Mission  spectrum  and/or  typical  ambient  conditions. 

ii)  The  middle  line  represents  the  modern  military  approach  where  a  mission  profile  with  severity 
factors  applied  is  defined  at  the  onset  of  a  qualification  programme  to  form  the  basis  of  the 
component  lifing  philosophy. 

iii)  The  upper  line  represents  the  release  life  possible  from  actual  recording  of  service  type 
operation  at  temperate  sea  level  conditions. 

It  can  be  seen  there  is  a  three-fold  advantage  gained  in  the  actual  release  life  possible  (the  figures 
incidentally  are  real  from  a  current  Rolls-Royce  programme). 

From  the  fatigue  point  of  view  then,  the  rating  structure  and  the  type  test  are  almost  irrelevant 
and  the  cyclic  qualification  programme  stands  on  its  own.  It  is  fundamentally  hot  section  usage,  limit 
exceedance  and  pilot  observance  that  this  argument  is  about. 

4.  THE  INTEGRITY  OF  ENGINE  MONITORING  SYSTEMS 

For  engine  monitoring  systems  to  become  group  1  equipment, (in  other  words,  the  release  life  and 
hence  the  airworthiness  of  the  engine  is  dependent  upon  the  results  which  the  EMS  provides.)  fh*  integrity 
of  these  systems  will  have  become  very  high  and  this  will  take  sometime  to  achieve.  Initially  it  seems 
reasonable  that  they  should  be  fitted  to  aircraft  in  group  2  equipment  role,  the  engine  released  to  trad¬ 
itional  methods  and  the  EMS  monitored  to  ensure  that  it  is  producing  valid  data  bearing  at  least  some 
resemblance  to  the  estimated  life  usage  produced  by  manual  methods. 

We  should  certainly  quote  our  own  experience  to  date.  Rolls-Royce  hag  a  helicopter  operation  in 
its  flight  test  facility  and  an  EMS  has  been  under  evaluation  on  this  helicopter  for  a  period  of  5  years.  ThiB 
system  was  MOD  furnished  equipment  to  Rolls-Royce  and  was  one  of  a  number  of  projects  supported  by 
MOD  during  this  period.  The  others  were  all  direct  service  trials  and  the  benefits  accrued  are  available 
lor  examination.  The  system,  is  a  fairly  simple  first  generation  device  comprising  multiplexing  Data 
Acquisition  Units  and  Cassette  Recorders.  All  computation  is  carried  out  off-line  at  ground  replay 
stations.  With  this  equipment  we  have  shown  that  good  valid  data  can  be  acquired  in  the  harsh  environ¬ 
ment  of  a  helicopter.  We  have  also  shown  that  such  equipment  needs  intensive  development  if  it  is  to 
become  totally  reliable. 

Computer  programmes  for  LCF,  creep,  performance  trending  and  vibration  monitoring  have  been 
developed  and  proven  and  some  details  of  the  configuration  and  the  results  are  shown  in  the  following 
figures:  - 

Fig,  6  shows  the  equipment  configuration  in  the  helicopter. 

Fig.  7  shows  the  flow  chart  for  LCF  usage  calculation. 

Fig.  8  shows  the  flow  chart  for  creep  usage  calculation. 

Fig,  9  shows  the  recording  of  temperature  versus  time  over  a  400  hour  flight  programme. 

Fig.  10  shows  the  recording  of  torque  versus  time  over  this  400  hour  flight  programme. 

Fig.  11  shows  the  idstribution  of  creep  usage  over  different  types  of  flying  carried  out  during  the 
400  hour  flight  programme. 
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Fig.  7  -  Low  cycle  fatigue.  Calculation  of  cumulative  damage. 
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Flight 

Description 

No.  of 
Flights 

Flight 

Hours 

%  Creep 
Used 

Mission 

40 

72.4 

0.239 

Development 

29 

40.6 

0.246 

Crew  training 

2 

3.1 

0.004 

Ground  run 

18 

8.7 

0.003 

Air  test 

2 

1.2 

0.020 

Tracking 

5 

4.1 

- 

Miscellaneous 

48 

80.2 

0.725 

Total 

144 

210.2 

1.237 

Fig.  11,  -  Typical  blade  creep  usage  (200  hrs) 


Some  of  the  surprising  aspects  were:- 

i)  The  smoothness  of  the  time  temperature  curve. 

ii)  The  discontinuity  in  the  time  torque  curve. 

iii)  The  wide  variation  in  creep  usage  for  different  types  of  flying,  e.g.  if  only  the  prescribed 
mission  was  flown  then  50%  creep  usage  would  allow  15000  hours  flying  of  this  type.  However,  the 
rate  la  three  times  this  for  "miscellani.ouu",  but  as  the  programme  was  flown  by  test  pilots,  we 
believe  we  can  still  afford  to  be  relaxed  on  the  subject. 

Baaed  on  the  experience  described  above,  together  with  Rolls-Ro/ce' s  experience  on  electronic 
control  systems  over  20  years  anti  the  tact  that  the  industry  is  apparently  poised  to  change  over 
to  digital  electronic  control  systems  en-masse,  there  is  now  a  general  feeling  that  the  integrity 
question  concerning  monitoring  systems  can  be  faced  with  confidence  and  that  only  extensive  field 
experience  can  progress  the  state-of-the-art  from  this  point  onwards. 

5.  AN  ALTERNATIVE  APPROACH 

The  basis  for  an  alte  rnative  approach  is  a  long  held  belief  that  much  greater  utilisation  of  engine 
components  could  be  achieved  if  a  more  accurate  count  of  hot  end  damage  occurring  in  actual  engine  usage 
is  made. 

Another  factor  formii.g  the  basis  of  this  proposal  is  that  when  the  pilot  is  in  a  critical  situation,  the 
last  thing  he  wants  to  be  bothered  with  is  engine  limitations.  He  is  there  first  and  foremost  to  fly  the 
machine  and  his  eyes  should  be  "out"  as  much  as  possible  not  "in”. 

The  approach  is  therefore  two-fold;  maximising  economics  and  minimising  workload. 

The  proposal  is  Let  ai  a  bold  step  representing  an  ultimate  position  with  the  express  purpose  of 
challenge,  stimulation  and  di  -cussion  rather  than  dwelling  on  a  tortuous  path  of  how  actually  to  get  there. 

Qualification  -  The  programme  should  be  aimed  at  establishing  a  temperature/time  cumulative 
damage  bank  for  the  engine  components  compiled  from  actual  engine  running.  There  must  be 
dedicated  creep  and/or  thermal  fatigue  evaluation  testing  using  components  of  known  strength  from 
known  batch  manufacture.  This  testing  will  bo  exhaustive  and  must  result  in  failures  to  be 
effective.  (Some  engines  actually  experience  component  creep  failure  during  normal  running  but 
Rolls-Royce  engines  are  not  normally  in  this  favourable  position!)  The  new  temperature  measure¬ 
ment  techniques  such  as  radiation  pyrometry  will  be  employed.  Two  milestones  will  be  achieved 
by  this  testing.  Firstly,  the  critical  part  of  the  creep  curve  will  be  established  for  the  real 
environment  of  the  engine  and  secondly  it  will  be  demonstrated  consistently  that  the  failures  are 
"soft".  The  by-product  will  be  that  the  early  warning  failure  detection  systems  will  be  test'd  and 
developed  for  real.  The  creep  usage  meter  will  be  monitoring  all  the  testing  and  a  good 
relationship  will  be  established. 

This  testing  will  be  supported  by  the  currently  employed  thermal  shock  and  simulated  mission  tests 
to  establish  the  degree  o<  inter-action  of  creep  and  fatigue.  We  must  demonstrate  clearly  to  the 
authorities  that  we  have  a  sound  knowledge  of  tne  creep  capability  of  the  engine  -  this  is  the  only  way 
to  be  able  to  reduce  the  severity  of  th»  safety  factors  currently  employed  and  start  to  achieve  the 
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objective*. 

The  qualification  teat  itself  will  be  changed  to  a  mission  based  schedule  and  will  take  into  account 
a  likely  aircraft  torque  limit  over  the  lower  ambient  temperatures.  The  test  will  be  of  longer 
duration  than  the  current  one,  probably  3  or  400  hours  and  will  be  aimed  at  using  at  least  j  of  the 
potential  life  of  the  hot  component*.  The  engine  temperatures  v/ill  be  chosen  to  achieve  this 
figure  over  a  spectrum  or  air  inlet  temperatures.  This  spectrum  should  cover  ISA  to  ISA+25  C 
SL  in  four  equal  steps,  the  engine  temperature  being  at  maximum  for  the  top  two  AIT's  and 
reduced  according  to  the  engine  torque  limit  for  the  others. 

The  composition  of  the  mission  will  be  based  primarily  on  twin  engine  power  levels  but  at  inter¬ 
vals  to  be  agreed,  simulated  single  engine  power  levels  will  be  incorporated  varying  according  to 
engine  failure,  occurring  at  different  points  in  the  mission.  The  frequency  of  the  single  engine 
cycles  should  be  commensurate  with  typical  figures  for  engines  in  their  infancy  in  service. 

The  test  would  continue  with  normal  problems  and  failures  being  repaired  as  in  service  but  with 
major  failures  of  Design  or  Quality  rendering  the  test  void. 

Allowance  for  performance  deterioration  would  be  built  in  by  raising  the  temperatures  in  the 
torque  limited  stages  accordingly. 

At  the  end  of  the  qualification  test  and  the  supplementary  endurance  testing,  the  creep  accumulation 
will  be  evaluated  and  a  case  presented  to  the  authorities  for  an  agreed  initial  creep  release  to 
service.  If  things  have  gone  well,  then  approximately  2/3  hot  section  life  could  be  claimed.  It 
might  be  argued,  however,  that  if  too  high  a  factor _is  achieved  then  the  estimates  were  too  low  in 
the  first  place,  but  that  is  just  one  of  the  frustrating  vagaries  of  this  business'. 

For  further  supporting  evidence  it  is  believed  that  the  qualification  test  engine  should  be  run  on 
to  failure,  in  an  accelerated  form  if  necessary  to  minimise  the  cost. 

The  last  point  about  qualification  is  the  establishment  of  the  absolute  maximum  temperatures  and 
speeds  at  which  the  engine  can  safely  operate.  These  should  then  be  protected  by  the  automatic 
limiters  of  the  engine  control  system  and  the  resulting  power  should  be  available  to  the  pilot  in  an 
emergency.  As  long  as  the  damage  is  being  recorded,  the  appropriate  maintenance  action  can  be 
taken  after  emergency  power  levels  have  been  used. 

Certification  -  The  engine  will  be  certificated  with  a  carpet  of  characteristics  (obviously  on  a 
card  deck)  showing  the  relationship  of  power  versus  percentage  creep  life  usage  per  hour  for  all 
ambient  conditions.  It  is  believed  that  this  is  really  all  the  aircraft  designer  needs  to  know  to 
select  an  engine  in  order  to  compose  his  flight  manual  around  it. 

Operation  -  The  pilot  will  be  relieved  of  any  need  to  observe  the  engine  temperature  and  speed 
instruments.  He  will  need  to  be  warned  of  the  fact  that  he  is  employing  a  high  rate  of  hot  end 
usage  and  this  warning  needs  to  be  progressive.  The  computer  can  be  programmed  to  do  this  but 
how  it  is  presented  is  not  for  us  to  say.  Pilots  tend  to  have  strong  views  on  this  matterl 

The  onus  of  monitoring  the  usage  should  be  on  maintenance  personnel.  The  amount  could  be 
displayed  in  the  cockpit  to  be  read  at  appropriate  intervals  or  more  likely  in  Civil  operation,  to  be 
feu  out  on  iu  a  ground  printer. 

If  the  computer  fails  in  flight,  advisory  procedures  for  safe  operation  need  to  be  spelled  out  in 
the  flight  manual  but  it  should  not  be  regarded  in  any  sense  as  a  serious  problem  and  there  should 
be  no  need  to  abort  the  mission  unless  it  is  of  a  highly  critical  nature. 

A  full  "on  condition"  maintenance  approach  is  compatible  with  this  system  and  ihat  concept  is  now 
gaining  wide  acceptance  in  the  industry. 

The  engine  is  withdrawn  for  appropriate  action  when  the  authorised  hot  section  factor  is  achieved. 

Hardware  -  For  military  machines  some  aircraft  contractors  envisage  a  full  integration  of  the 
EMS  with  the  main  aircraft  computer  system  as  shown  In  fig.  12.  A  visual  display  unit  with 
Interrogation  capability  is  available  to  the  pilot  in  flight  and  to  Maintenance  during  servicing 
periods. 

For  Civil  machines  the  system  should  be  a  stand  alone  unit  primarily  to  provide  option  for  fitment 
to  the  customer. 
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Fig.  12  -  Integrated  helicopter  monitoring  system 


CONCLUSION 

This  paper  ia  aimed  at  baaleally  trying  to  achieve  a  better  use  and  hence  return  for  money  of  todays 
costly  engines. 

It  ia  believed  that  it  ia  the  certification  teat  that  Beta  the  size  of  an  engine  for  a  helicopter 
application  under  the  current  rules  and  that  the  disparity  between  this  and  the  need  to  have  efficient  fuel 
usage  in  service  needs  to  l>e  Constantly  questioned,  always  within  the  broad  envelope  of  safety  that  ie 
termed  "airworthiness". 

There  ahould  not  be  a  tacit  acceptance  that  the  present  rating  structure  and  pholoBophy  is 
sacrosanct  for  ever-more.  It  is  one  of  the  engineers  basic  functions  to  always  question  the  status  quo 
to  see  if  It  can  be  improved  and  this  paper  is  offered  against  a  pursuance  of  that  function. 
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DISCUSSION 


Unknown  Questioner 

Do  you  believe  emergency  ratings  are  appropriate  for  civil  applications  and  can  such  ratings  be  believed  from  an 
approval  standpoint  without  demonstration? 

Author’s  Reply 

I  am  basically  against  the  rating  principle  but  am  proposing  that,  as  an  alternate,  a  monitoring  system  be  used  to  gauge 
remaining  life  of  the  engine. 


Unknown  Questioner 

Could  you  comment  on  the  relative  importance  of  performance  monitoring  as  compared  to  creep  monitoring, 
particularly  for  off-shore  applications? 

Author’s  Reply 

Both  are  required  in  order  tc  determine  the  remaining  life  of  the  engine.  The  real  difficulty  is  to  convince  the 
certifiers  that  such  trend  monitoring  is  a  valid  indicator  that  the  engine  will  produce  the  demanded  emergency 
power.  If  such  power  must  be  demonstrated,  the  whole  concept  is  self-defeating. 
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ABSTRACT 

A  review  of  the  factors  affecting  the  helicopter  market  for  the  past,  present,  and  future  is  presented. 
The  trade-offs  involving  acquisition  cost,  mission  reliability,  and  life-cycle  cost  are  reviewed, 
including  civil  and  military  aspects. 

The  potential  for  advanced  vehicle  configurations  with  substantial  improvements  in  energy  efficiency, 
operating  economics,  and  characteristics  to  satisfy  the  demands  of  the  future  market  are  identified. 
Advanced  propulsion  systems  required  to  support  these  vehicle  configurations  are,  in  turn,  discussed, 
as  well  as  the  component  technology  for  the  engine  systems.  Considerations  for  selection  of  components 
in  areas  of  economics  and  efficiency  are  presented. 

Jntroduct ion 


There  are  many  factors  related  to  propulsion  systems  that  strongly  influence  performance  of  helicopters. 
Reviewing  each  of  them  and  their  impact  on  the  past,  present,  and  future  helicopter  market  is  not 
practical  in  the  context  of  this  paper.  Most  significant,  however,  are  the  trade-offs  among  acquisition 
cost,  mission  reliability,  and  life-cycle  costs.  Beyond  these  factors,  detailed  assessments  of  potential 
advances  become  extremely  complicated  by  end  usage  (military  versus  civil)  requirements  and  by  the 
escalating  cost  of  fuel.  Of  course,  each  of  these  concerns  finds  root  in  the  component  technology 
needed  for  improved  operating  economics,  and  some  of  the  critical  issues  are  discussed  here. 

Out look/ Background 

The  growth  in  all  sectors  of  aviation  has  been  dramatic  over  the  last  50  years.  However,  it  is  clear 
that  rotary-wing  aircraft  have  lagged  this  growth  by  as  much  as  two  decades.  One  reason  is  the  increased 
difficulty  in  achieving  controlled  flight  compared  with  fixed-wing  aircraft,  and  another  is  the  dependence 
on  the  development  of  different  technologies,  specially  needed  for  helicopter  components.  Despite  the 
lag,  benefits  derived  from  these  special  purpose  machines  have  been  growing  at  a  significant  rate 
since  I960  Figure  1  indicates  the  rate  at  which  the  activities  have  enlarged  in  North  America.  Also 
shown  is  a  somewhat  conservative  growth  projection  for  the  next  10  years,  and  there  is  an  equally 
active  future  projected  for  the  helicopter  industry  world-wide.  In  the  United  States  alone,  the  produc¬ 
tion  rate  for  civil  uses  has  grown  from  300  units  in  1965  to  800  in  1975.  The  1981  figure  is  expected 
to  exceed  1000  units.  In  most  cases,  the  technology  has  been  paced  by  military  interests,  particularly 
the  United  States  Army.  Now,  the  civil  needs  ere  emerging,  and  this  segment  will  add  strength  by 
sharing  in  common  solutions  to  roost  of  the  operational  problems.  As  shown  in  Figure  2,  the  primary 
applications  will  be  in  forestry,  public  service,  agriculture,  resources  exploration,  and  construction, 
in  addition  to  short-haul,  general  transportation.  Thus,  there  is  a  base  to  enlarge  the  research  activity 
for  both  military  and  civil  needs,  and  the  generic  aspects  cover  a  wide  spectrum  of  components  from 
which  substantial  gains  can  be  made.  NASA's  rotorcraft  program  evolved  from  autogyro  lesearch  during 
the  1930's  (at  that  time  it  wa3  known  as  the  National  Advisory  Committee  for  Aeronautics,  NACA) .  From 
this  pioneering  effort,  a  close  association  Jater  was  developed  with  military  rotorcraft  R&D  organizations. 
One  of  these  strong  ties  was  with  the  US. Army,  resulting  in  a  number  of  formal  and  informal  cooperative 
efforts.  The  latest  such  agreement  became  effective  in  1970.  With  it,  NASA  and  the  Army  share  resources 
to  pursue  research  in  areas  of  common  interest,  including  all  helicopter  disciplines  related  to  aero¬ 
mechanics,  structures,  and  propulsion.  As  a  result.  Army  research  groups,  colocated  with  NASA,  conduct 
inhouse  and  contracted  efforts  on  all  components  of  engines  and  drive  trains,  including  materials.  It  is 
this  association  that  is  bringing  into  focus  the  commonality  aspects  of  the  civil  and  military  interests 
as  applied  to  fundamental  problems  and  basic  technology.  To  complement  this  joint  effort,  NASA  formed  a 
government-wide  task  force  in  1978  to  assist  in  formulating  a  long-range  advanced  rotorcraft  technology 
program. 

Systems  Requirements 

Civil  operators  continually  emphasize  a  true,  one-engine-inoperative  (OEI)  capability.  They  are  unanimous 
in  their  endorsement  of  twin-engine  helicopters,  but  they  are  unhappy  with  single-engine  performance  in 
the  OEl  mode.  Ideally,  these  operators  want  a  ronemergency  situation  in  the  event  of  an  engine  failure. 

As  shown  in  Figure  3,  their  goal  is  to  achieve  a  zero-rejected  takeoff  distance  to  enable  operations  in 
tightly  confined  areas,  consistent  with  the  attributes  of  helicopter  systems. 

Regardless  of  the  user,  safety  and  reliability  continue  to  be  the  central  issues.  Although  safety  of 
twin-engine  helicopters  is  regarded  a9  an  inherent  advantage,  unscheduled  engine  removals  continue  to 
frustrate  all  users.  Dissatisfaction  with  support  requirements  and  the  attendant  high  costs  are  common. 
The  component  research  programs  must  include  emphasis  on  significant  increases  in  the  time  between 
overhauls  (TBO). 

Maintenance  costs  associated  with  propulsion  and  drive-train  systems  are  shown  in  Figure  4.  A  major 
reduction  in  maintenance  costs  is  essential  to  the  enhancement  of  helicopter  operations.  Beyond  this 
need,  recent  advances  in  diagnostics  and  associated  avionics  are  already  finding  their  way  to  the  market. 
With  continuing  progress  in  microprocessor  technology,  early  identification  of  engine  and  drive-system 
problems,  before  they  become  serious,  may  provide  the  techniques  for  maximizing  use  of  on-condition 
maintenance  procedures.  Figure  5  illustrates  the  need  for  significant  improvements. 
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Electronic  digital  controls  can  provide  large  improvements  over  ' onventional  hydromechanical  systems  in 
terms  of  simplicity,  cost,  reliability,  and  ease  of  operation.  An  example  is  shown  in  Figure  6.  Time 
response  character i sticr  of  the  total  propulsion  system  (i.e.,  engines,  control,  and  power  transfer 
mechanisms)  muat  be  evaluated  in  a  totally  integrated  mode.  These  evaluations  must  be  conducted  in 
systems  which  simulate,  as  closely  a6  possible,  the  environment  that  will  be  encountered  in  service. 

Powerplants  and  Compore.it  Thrusts 

Since  the  advent  of  turbine  engines  for  helicopters,  a  dramatic  increase  in  load -carrying  capability  lias 
evolved.  Hra<at  all  of  these  turboshaft  engines  were  developed  for  military  helicopters,  and  each  is 
baied  on  technology  derived  from  military-sponsored  development.  Even  so,  it  is  expected  that  the  next 
two  decades  will  find  a  growth  in  the  civil  markets  to  the  extent  that  the  number  of  engines  produced 
will  be  about  twice  the  military  need*.  Tins  growth,  combined  with  the  comparatively  high  usage  rate 
(2000  flight  hours  per  year)  for  civil  units,  will  substantially  enhance  operational  evaluations  of 
engine- related  technologies.  The  civil  demands  for  reliability,  maintenance,  and  overall  cost  will 
ba  stronger  than  at  any  time  in  the  past.  The  experience  with  large  field  samples  will  be  invaluable. 

Per  fo  nuance  improvements  have  becoo'.e  essential,  particularly  for  those  future  helicopters  that  will  be 
dciiyneu  for  increased  range  and  speed.  Toward  ;hat  end,  perhaps  more  complex  engine  arrangements, 
ticing  highly  loaded  components,  recuperators,  and  variable  geometry  will  be  required,  if  so,  we  must  be 
in  position  to  compensate  for  the  likelihood  of  higher  initial  costs  with  superior,  fuel-efficient  engine 
systems.  Obviously  the  engine  cycle  must  be  improved  in  the  partial-power  regimes,  shown  in  Figure  7, 
and  emphasis  must  be  placed  on  methodology  to  provide  aerodynamic  components  that  will  produce  a  specific 
fuel  t.onsumption  characteristic  more  nearly  flat  than  in  today's  conventional  cycles. 

In  an  overall  sense,  the  objectives  of  the  NASA-Army  propulsion  efforts  are  to  (1)  improve  engine  and 
power  transfer  component  reliability  and  maintainability,  (2)  reduce  engine  fuel  consumption  over  the 
fu?l  range  of  operation,  (3)  improve  environmental  acceptability,  and  (4)  reduce  the  cost  of  acquisition 
and  operation  The  highest  priority  program  element  is  component  design  methodology,  as  applied  to  each 
of  these  areas.  Mors  specifically,  achievement  of  the  objectives  will  concentrate  on  the  six  key  tech¬ 
nology  task  categories  shown  in  Figure  8.  Each  of  these  program  elements  has  been  reviewed  by  a  broad 
rpectrum  of  civil  and  military  users  and,  despite  the  diversity  of  missions,  there  remains  a  remarkable 
unanimity  cn  the  areas  in  need  of  most  immediate  attention.  Concerns  relating  to  powerplants  appeared  to 
lead  the  list  of  priorities. 

Although  the  current  program  covers  all  components  of  interest,  this  discussion  will  concentrate  on 
those  considered  to  have  significant  impact  on  the  above  thrusts. 

Compressor 

In  a  gas  turbine  engine,  the  couipiessoi  design  and  technology  are  very  important  choices  because  ?  the 
effect  on  the  overall  engine  performance  and  arrangement.  Compressor  pressure  ratio  ana  compre=sor 
efficiency  have  a  direct  bearing  on  fuel  consumption.  At  the  same  time,  the  compressor  can  have  an 
influence  on  the  number  of  turbine  stages  as  well  as  the  nunber  ot  spools. 

Because  of  the  important  role  of  the  compressor  in  the  overall  engine,  a  joint  Array/NASA  program  was 
undertaken  with  General  Electric,  Detroit  Diesel  Allison,  and  AiResearch  for  design  studies  ot  small, 
axial,  centrifugal  compressors  to  provide  a  basis  for  focusing  future  research  on  small  compressors. 

These  studies  started  with  a  forecast  of  the  projected  1990  state  of  technology  in  compressors  and 
engine  sy*tems.  The  projections  forecast  improvements  in  technology  derived  from  existing  work,  from 
advances  in  materials  processing  anl  manufacturing  methods,  as  well  as  iniprovement s  from  advances  in 
design  techniques  and  computer  aids.  Based  on  these  1990  projections,  parametric  studies  were  conducted 
on  compressor  configurations  for  2-,  5-,  and  10-lb/sec  flow  sizes.  Four  staging  arrangements  (single 
staged  centrifugal,  staged  centrifugal,  staged  axials,  a.i  ’  staged  axial-centrifugal)  were  investigated. 
Compressor  pressure  ratios  from  10:1  to  40:?  were  studied.  The  optimum  compressor  arrangements  for  2, 

5,  and  10  lb/ sec  were  identified  in  terras  of  efficiency,  reliability,  durability,  maintainability,  ond 
cost  (Fig.  9).  In  the  2  ar.d  5  lb/ sec  flow  sizes  both  axial  centrifugal  and  staged  centrifugals  config¬ 
urations  have  the  best  potential  for  advciced  rotorciaft  propulsion  systems  In  the  10  lb/ sec  flow 
size,  the  axial  centrifugal  compressor  configuration  appeared  to  provide  the  greatest  potential  effi¬ 
ciency  at  the  high  cycle  pressure  ratio. 

Improved  theoretical  aerodynamic  analyses,  verified  by  detailed  quantitive  data,  will  help  improve  the 
understanding  of  the  complex  flow  field  for  the  advanced  axial  and  centrifugal  stages.  Techniques  for 
the  calculation  of  the  internal  flow  field  in  centrifugal  compressor  using  three-dimensional  viscous 
computational  methods  are  being  developed  (Fig.  10).  To  date,  we  do  not  have  analyses  which  can  represent 
the  actual  t low  con -it  ions  with  reasonable  computing  times. 

Recent  advances  in  the  application  of  laser  anemometers,  or  laser  doppler  ’  elocituelers,  permit  measurement 
of  flow  velocities  and  mapping  of  the  flow  field.  In  Figure  11  the  covers  have  been  removed  from  the 
compressor  to  show  the  laser  beams  crossing.  Windows  in  the  housing  permit  the  beams  to  be  directed 
into  the  rotating  passages  or  into  the  diffuser  area.  Problems  with  seeding  are  delaying  testing  at 
higher  speeds  in  small  centrifugals,  but  we  are  hopeful  of  having  a  nonintrusion  means  of  obtaining  flow 
information  in  small  passages  where  probes  previously  disturbed  the  flow.  The  laser  anemometer  will  be 
an  extremely  valuable  tool  lor  developing  an  understanding  of  the  complex  flow  areas  such  as  the  discharge- 
region  at  the  tip  of  the  impeller.  This  area  is  moat  critical  because  it  is  here  that  the  diffuser 
converts  the  high  velocity  into  pressure. 

Other  improvements  will  involve  variable  flow  capacity,  where  variable  geometry  is  used  in  the  com¬ 
pressor  and  turbine  areas.  An  essential  feature  is  the  capability  of  a  variable  diffuser  foi  the  cen¬ 
trifugal  compressor.  This  will  permit  the  flow  to  be  reduced  while  maintaining  or  increasing  the  pressure 
ratio  and  operating  al  a  constant  corrected  speed.  Consideration  must  be  given  to  the  mechanical  design 
features  required  to  implement  this  system  in  light  of  tht  gains  to  be  achieved. 
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Beyond  this,  there  will  be  improvements  in  small  compressor  performance  with  clearance  control,  reduced 
endwall  and  profile  losses,  and  low  aspect  ratio  blading,  which  is  less  sensitive  to  wear. 

Combustor 

As  compressor  pressure  ratios  are  increased,  future  combustion  systems  for  small  turboshaft  engines  will 
be  required  to  operate  at  higher  pressure  levels  and  increased  inlet  and  exit  temperatures,  which  will 
increase  the  need  for  better  cooling  or  liner  materials.  Programs  are  ongoing  at  the  Lewis  Research 
Center  on  both  approaches.  One  example  is  a  plasma- sprayed  ceramic  on  a  porous  metal  substrate  as  shown 
in  Figure  12.  This  approach  will  permit  a  significantly  higher  liner  hot-side  temperature  and  permit 
cooling  the  substrate  with  much  less  cooling  air. 

Both  combustor  and  turbine  life  are  adversely  affected  by  nonunifonn  combustor  exit  temperature.  At  the 
same  time,  the  need  for  improved  fuel  economy  makes  desirable  the  reduction  in  pressure  drop  across  the 
combustor.  These  two  goals  are  in  conflict  because  temperature  pattern  is  easier  to  control  with  larger 
pressure  drop.  Improved  modeling  and  analytical  techniques  promise  to  reduce  the  cost  of  developing 
combustors,  and  there  has  been  significant  progress  made  in  this  area  for  3mall,  reverse-flow  combustors 
However,  such  studies  have  indicated  the  need  for  additional  research  in  fuel -injection  methods  and  in 
prim-ary  zone  analysis  and  experiment.  One  such  investigation  is  illustrated  in  Figure  13. 

With  these  two  areas  of  research,  it  is  expected  that  designers  of  future  engines  will  have  better 
materials,  better  cooling  schemes,  and  improved  techniques  for  selection  of  parameters  to  make  trade¬ 
off  decisions  affecting  combustor  life  and  fuel  efficiency.  In  addition,  they  can  expect  the  relative 
development  cost  of  combustor  components  to  be  reduced  because  of  improved  analytical  tools  that  have 
been  verified  by  experiment. 

Turbine 


Current  research  for  the  small  turbines  used  in  helicopter  engines  is  directed  at  improved  efficiency 
and  higher  temperature  capability.  The  primary  thrusts  are  for  fuel  efficiency  and  longer  life  for 
maintainability  and  life-cycle  cost  purposes.  Materials  research  is  primarily  directed  at  this  latter 
requirement  with  emphasis  on  coatings — metallic  coatings  for  oxidation  and  corrosion  protection  and 
ceramic  coatings  for  thermal  protection  and  reduced  cooling  requirements. 

One  means  of  improving  turbine  efficiency  in  the  small  engines  is  to  utilize  a  radial  flow  instead  of 
an  axial  flow  turbine.  It  is  recognized  as  heavier  and  more  bulky  than  its  axial  counterpart,  but,  as 
shown  in  Figure  14,  it  has  potential  for  better  performance  at  high  pressure  ratios.  The  radial  turbine 
also  is  best  suited  to  a  variable  capacity  engine,  which  may  offer  an  advantage  in  fuel  consumption  over 
a  fixed-geometry  configuration.  To  maintain  design  point  pressure  and  speed,  the  nozzle  area  needs  to 
be  varied  in  some  manner  such  as  illustrated  in  Figure  15.  Current  analytical  and  experimental  research 
is  directed  at  understanding  and  quantifying  losses  due  to  thp  variable  geometry  to  permit  a  realistic 
assessment  of  the  fuel  saving  potential  of  such  a  concept.  Figure  16  shows  experimentally  derived 
efficiency  of  a  variable-area  configuration  over  a  wide  range  of  flow  at  a  pressure  ratio  of  about  2:1. 
While  these  data  do  not  include  stator  leakage  effects  and  losses  that  might  occur  with  high  exit  swirl, 
consideration  must  be  given  to  these  factors  as  analysis  and  experiment  are  continued.  However,  the 
reasonably  constant  efficiency  is  encouraging  and  shows  that  this  concept  has  potential  for  a  practical 
variable  capacity  cycle.  Ac  the  very  least,  research  along  these  lines  will  permit  designers  of  future 
helicopter  engines  to  incorporate  high-work  radial  turbines  in  their  engines  with  higher  efficiencies 
than  now  possible. 

As  the  technology  advances  for  employing  nonintrusive  flow  measurements,  such  as  laser  anemometry, 
measurements  will  be  made  to  further  the  understanding  of  the  flow  in  radial  turbines.  Three-dimensional 
analytical  techniques,  when  verified,  will  provide  the  basis  for  further  advances  in  both  the  efficiency 
and  cooling  of  radial  turbines. 

Mechanical  Components 

Our  present  concern  for  fuel  conservation  and  the  need  for  better  performance  retention  necessitate 
improved  seals.  Many  engines  use  labyrinth  seals  for  inner  air  seals.  Generally,  these  seals  employ 
one  or  more  stages  of  knife  edges  and,  in  the  higher  performance  engines,  have  shown  a  high  leakage 
rate.  To  overcome  this  problem,  face-contact  seals  sometimes  have  been  used;  however,  they  are 
pressure  and  speed  limited  and  have  excessive  wear.  Recognizing  this  shortcoming,  a  high-speed  spiral- 
groove  seal  has  been  developed  through  joint  Army/NASA  efforts.  It  offers  a  solution  and  can  be 
regarded  as  a  step  in  technology  for  replacing  both  the  labyrinth  and  face  contact  peals.  As  shown  in 
Figure  17,  this  type  of  seal  has  shallow  recesses  in  the  running  surface  which  cause  a  buildup  of  high 
pressures  and  prevent  actual  contact  of  the  carbon  face,  except  during  start  up.  This  seal  has  potential 
for  application  in  both  current  and  future  engines. 

Of  all  the  seals  in  an  engine,  the  gas-path  seals  have  the  greatest  impact  on  performance.  Tests  have 
shown  that  an  increase  of  1  percent  in  blade-t ip-clearance-to  blade-span-ratio  reduces  the  turbine 
efficiency  by  as  much  as  3  percent,  depending  on  the  type  of  the  turbine  design.  The  effect  is  shown  in 
Figure  18.  Generally,  the  gas-path-6eal ing  clearances  change  with  each  engine  condition  such  as  idle, 
takeoff,  and  cruise.  A  joint  Army/NASA  program  to  develop  a  solution  has  been  in  progress  for  several 
years,  exploring  various  ceramic  bigh-pres eure-tur bine  seal  systems.  One  concept,  which  is  currently 
under  investigation,  shows  potential.  It  employs  a  low-modulus  cushion  or  strain-isolator  pad  between 
the  ceramic  layer  and  metal  substrate,  depicted  in  Figure  19.  The  strain  isolator  pad  allows  the 
ceramic  layer  to  respond  to  its  own  temperature  gradient,  independent  of  the  thermal  strains  and  displace¬ 
ments  of  the  metal  substrate.  In  conjunction  with  this  system,  c learance-cont rol  concepts  involving 
selection  of  materials  as  well  as  rotor  and  outer  structure  configuration  to  maintain  a  fixed  clearance, 
are  under  investigation.  Variables  also  include  thermal  expansion  rates,  and  the  potential  for  using 
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engine  air  t  >  heat  and  cool  the  mating  rotor  and  stator.  Also,  blade  tip  treatment  concepts  are  under 
investigation  to  prevent  damage  to  the  blade  tips  at  contact  with  the  case.  These  seals  will  become 
more  practical  as  materials,  design  concepts  and  manufacturing  methods  are  developed  further. 

In  the  area  of  shaft  dynamics,  there  have  been  several  Array,  NASA,  and  industry  programs  to  develop 
improved  balancing  techniques  for  rotors.  In  addition,  a  new  computer  code,  which  is  capable  of  pre- 
drting  nonlinear  rotor  dynamics,  has  been  developed.  This  code  allows  investigation  of  transient  rotor 
motion  during  adverse  operating  conditions,  such  as  a  blade  loss  with  a  rub.  Previously,  shaft  behavior 
could  not  be  predicted  with  available  rotor  dynaraics  codes.  Damper  concepts  also  are  being  analyzed, 
primarily  to  explore  rotor  systems  that  will  be  more  tolerant  to  a  large  imbalance,  as  in  cases 
equivalent  to  the  loss  of  a  blade  or  foreign  object  damage. 

Research  on  bearings  will  continue  to  focus  on  optimizing  design  through  improvements  in  materials  and 
lubrication  for  higher-load  capacity  and  longer  life.  Computer  programs  incorporating  the  latest  design 
techniques  are  in  various  stages  of  development  and  verification.  Speeds  over  50,000  rpm  are  common, 
and  a  moderate  increase  is  forecast  for  the  future.  Along  with  this  emphasis,  there  will  be  an 
increased  attention  placed  on  noncatas troph ic  failure  of  bearings  operating  at  higher  speeds. 

Cone lus ion 


In  pursuing  these  areas  of  research,  we  have  highlighted  but  a  few  of  the  many  component  details  that 
need  special  treatment.  All  of  the  components  technologies,  whether  in  engines  or  drive  trains,  are 
supported  by  an  aggressive  program  covering  all  facets  ranging  from  aerothermodynaraics  to  materials  and 
structures.  It  is  hoped  that  the  growth  forecasted  for  the  helicopter  will  provide  added  incentive  to 
concentrate  the  needed  resources  in  the  critical  areas  identified  here.  In  cooperation  with  the  industry, 

NASA  and  Che  Array  will  continue  to  explore  the  components  and  develop  the  technology  to  meet  the  growing 
needs,  particularly  as  related  to  reliability  and  life-cycle  cost. 
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FUTURE  REQUIREMENTS 


FOR  HELICOPTER  PROPULSION  SYSTEMS 


by 

H.-G.  Bree  and  G.  Backmann 
Ministry  of  Defence,  Bonn,  Germany 


SUMMARY 


Requirements  for  propulsion  systems  have  to  be  derived  from  the  military  missions.  In 
this  context  the  question  of  single  or  twin  engine  systems  will  be  discussed. 

The  trend  to  more  sophisticated  engines  is  reviewed  in  the  light  of  diminishing 
resources  of  materials  and  fuel. 

Expected  future  economic  conditions  make  it  mandatory  to  counteract  the  increase  of 
life  cycle  cost  experienced  in  most  of  today's  military  systems.  Means  to  reduce  LCC 
are  discussed. 


INTRODUCTION 


This  paper  intends  to  indicate  which  direction  the  development  of  future  helicopter 
engines  should  take  in  the  eyes  of  those  responsible  for  gas  turbine  engines  in  the 
ministry  of  defence. 

Future  helicopters  to  be  in  service  with  the  German  Forces  will  have  basic  requirements 
for  the  propulsion  system  in  common,  because  all  of  them,  even  the  transport  helicop¬ 
ters  will  operate  for  a  certain  portion  of  their  flying  time  at  the  edge  of  the 
combat  zone.  For  the  following  considerations  the  Anti-Tank-Helicopter  is  taken  as  a 
base  line  since  it  is  placing  the  more  challenging  requirements  on  the  propulsion 
system. 


MISSION  REQUIREMENTS 


Envisaged  area  of  operation  and  hence  required  flight  profiles  dictate  the  mission 
requirementt  for  the  helicopter  engine.  Due  to  their  relatively  low  speeds  and  enemy 
use  of  advanced  reconnaissance  and  detecting  devices  on  the  battlefield,  helicopters 
will  have  to  exploit  any  shred  of  cover  the  terrain  offers.  When  flying  a  mission 
their  height  above  ground  will  be  determined  by  the  type  of  cover  available.  A  study 
of  the  major  types  of  cover  to  be  encountered  in  Germany  yielded  the  distribution 
shown  in  figure  1  .  The  various  types  ei'  co^er  are  between  10  and  AO  m  in  height. 

Taking  into  consideration  that  cover  will  be  temporarily  abandoned  during  a  mission 
for  search,  aiming,  and  firing  purposes  the  helicopter  will  operate  at  heights  between 
1  m  and  50  m  above  ground.  Its  flight  path  will  follow  the  terrain  contours,  remaining 
-  wherever  possible  -  10  m  below  the  available  cover,  since  enemy  radars  can  also  see 
through  thin  tree  tops. 

A  study  on  the  antitank  helicopter  arrived  at  a  total  flying  time  of  two  hours  and 
thirty  minutes  for  the  required  mission;  about  one-third  of  this  time  would  be  flown 
under  cruising  conditions  and  two-thirds  in  a  combat  environment.  Three  speed  ranges 
were  determined:  Range  I  covers  hovering  and  flight  at  speeds  of  up  to  50  km/h; 
range  II  encompasses  flight  at  speeds  between  50  and  150  km/h;  and  range  III  denotes 
cruising  flight  at  250  km/h  including  a  portion  of  about  10  per  cent  at  the  maximum 

speed  of  300  km/h.  Figure  2  shows  that  99  per  cent  of  all  flight  situations  occur 

at  altitudes  between  10  and  30  m,  and  60  per  cent  at  speeds  of  150  km/h  and  below. 

On  account  of  these  flight  profiles  future  helicopters  will  operate  during  a  large 
portion  of  their  flying  time  close  to  the  ground.  This  mode  of  operation  makes  it 
imperative  to  review  existing  data  about  engine  failures  caused  by  foreign  object 
damage.  The  one  year  statistical  table  of  engine  failures  in  German  Army  helicopters 
(table  1 )  indicates  that  damage  by  foreign  objects  is  a  rather  frequent  occurrence. 

The  table  does  not  yet  reflect  the  anticipated  high  ratio  of  future  flights  "nap  of 
•he  earth"  (NOE)  or  in  the  havering  mode.  Therefore  an  increasing  FOD  rate  has  to 
be  expected  in  the  future.  For  this  reason,  provisions  will  have  to  be  made  that 

sand,  stones,  hail  or  ice,  are  separated  from  the  air  before  it  enters  the  compres¬ 

sor.  An  integrated  Particle  Separator  as  used  by  General  Electric  in  their  T  700 
engine  is  considered  an  adequate  solution. 

The  incorporation  of  foreign  object  separators  may  also  be  necessary  for  design 
reasons.  If, for  example,  cost  considerations  lead  to  the  installation  of  integral  rotor 
stages  in  the  compressor  the  risk  of  having  to  replace  an  entire  rotor  stage  due  to 
FOD  on  one  blade  is  unacceptable.  The  use  of  compound  materials  such  as  caibon  fibre 
in  the  compressor  requires  also  protection  against  foreign  object  damage. 
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The  scenario  future  helicopters  will  be  operating  in  makes  it  mandatory  that  Infrared 
Radiation  emitted  from  the  hot  parts  of  the  engine  has  to  be  suppressed  in  order  to 
reduce  as  much  as  possible  the  detectability  of  the  helicopter  by  IR  sensors  und  its 
vulnerability  by  IR  homing  missiles.  Figure  3  shows  hew  infrared  signature  is  influ¬ 
enced  by  the  temperature  Involved:  Reduction  of  the  exhaust  pipe  temperatu-e  from 
640 K to  370  K  reduces  the  IR  signature  to  one  per  cent  of  its  original  value. 


SINGLE  OR  TWIN  ENGINE  PROPULSION  SYSTEM 


This  question  -  which  for  helicopters  of  the  upper  weight  classes  has  been  decided 
already  in  favour  of  twin  or  multiple  engines  -  must  be  evaluated  for  medium  and  light 
helicopters  on  the  basis  of  the  mission  requirements. 

The  arguments  in  favour  of  a  single-engined  helicopter  are  listed  below: 
the  propulsion  system  is  cheaper  and  lighter, 

for  that  reason,  the  helicopter  is  lighter,  smaller  and  cheaper, 

fuel  consumption  is  lower,  and 

the  maintenance  cost  of  one  engine  is  lower. 

It  is  conspicuous  that  this  list  does  not  include  life-cycle  costs.  The  reason  is  that 
they  are  dependent,  among  other  things,  on  the  loss  rates  which  can  only  be  estimated 
when  the  required  mission  profile  and  the  area  of  operations  are  known. 

According  to  what  has  been  said  above  the  following  arguments  in  favour  of  the  twin- 
engined  military  helicopter  can  be  summarized: 

-  no  ''dead  mem's  zone"  (if  an  emergency  rating  is  available), 
in  the  event  of  one  engine  failing: 

.  safe  landing, 

.  self-evacuation  capability, 

.  possibly  execution  (or  completion)  of  mission, 

-  lower  loss  rate  -  lower  life-cycle  costs  (possibly), 

-  no  need  to  optimize  the  rotor  system  for  autorotation, 

.  smaller  rotor, 

.  higher  maximum  flying  speed  (emergency  rating), 

-  lower  fuel  consumption  in  stand-by  mode,  since  one  engine  is  shut  down, 

-  smaller  starting  power  required, 

-  in  the  event  of  FOD  or  exposure  to  enemy  fire,  higher  probability  of  one 
engine  remaining  operational, 

-  easier  handling,  since  engine  weight  is  lower,  modules  are  smaller, 

-  quicker  accumulation  of  operating  experience  (engine  running  hours). 

Figure  4  comes  from  an  evaluation  carried  out  with  respect  to  the  PAH-2/HAC  antitank 
helicopter.  It  ehows  in  terms  of  height  above  ground  vs.  I.A.S.,  the  "dead  man's  zone" 
for  both  the  single  and  twin-engined  helicopter  as  a  function  of  the  ratio  between 
the  emergency  rating  of  the  remaining  engine  (after  engine  failure)  and  the  required 
hovering  power  O.G.E.  (outside  ground  effect). 

The  parameters  are: 

-  pressure  altitude:  1000  m, 

-  ambient  temperature:  25  °C, 

-  time  required  to  accelerate  engine  to  emergency  output:  1  second, 

-  ground  impact  speed:  6  m/s, 

-  pilot  does  not  use  the  collective  pitch  after  engine  failure. 

It  can  be  seen  that  the  advantages  of  the  twin-engined  helicopter  can  only  be  exploited 
if  two  requirements  are  met  by  the  engine: 

First,  the  engine  must  be  designed  for  a  very  high  emergency  power.  In  this  example,  a 
calculated  emergency  rating  of  140  %  (relative  to  one  half  of  the  total  needed  O.G.E, 
hovering  power)  would  be  required  for  full  elimination  of  the  "dead  man's  zone".  The 
emergency  rating  required  may  be  l^ss  than  this  figure,  since  the  kinetic 
energy  stored  in  the  rotor  can  be  applied  to  reduce  the  impact  speed.  This  is  also  a 
matter  of  optimizing  the  rotor  mass . 

The  second  important  aspect  is  the  acceleration  capability  of  the  engine.  An  extension 
of  the  response  time  from  1  second  to  2  seconds  would  offset  most  of  the  benefits 
gained  by  the  high  emergency  rating. 
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It  is  normal  proceduie  for  helicopter  pilots  not  to  fly  within  the  dead  man's  zone 
longer  than  absolutely  necessary.  However,  under  simulated  combat  conditions  an  - 
unacceptably  -  large  portion  of  the  mission  would  have  to  be  flown  within  the  dead  man's 
zone.  From  this  it  is  obvious  that  flight  training  in  peace-time  could  not  be  performed 
with  p  single-engined  antitank  helicopter  if  flight  safety  aspects  shall  be  observed. 

CHANGED  PARAMETERS 


It  is  becoming  obvious  that,  in  the  long  term,  some  of  the  parameters  applicable 
to  the  development  and  operation  of  our  defence  equipment  will  change  for  the  worse. 

Two  aspects  shall  be  covered  in  this  context:  fuel  and  material. 

In  the  past,  the  design  engineer  could  well  assume  that  aviation  fuel  of  high  quality 
would  be  available  for  the  operation  of  the  engine  he  was  to  design.  But  the  situation 
is  changing.  In  1980,  the  freezing  point  of  civilian  jet  A-1  fuel  was  raised  by  three 
degrees  to  -47  deg.  Centigrade.  Although  this  change  will  so  far  not  have  any  great 
direct  influence  on  military  flying  operations  (its  impact  on  long-distance  flights 
and  in-flight  refuelling  is  still  being  examined)  we  must  adapt  in  time  to  the  fact,  that 
as  a  long-term  trend,  the  quality  of  aviation  fuel  will  deteriorate. 

Furthermore,  future  engines  will  have  to  be  able  to  burn  alternative  types  of  fuel.  It 
is  known,  however,  that  synthetic  hydrocarbons  extracted  from  coal,  oil  shale  or  tar 
sand  have,  by  comparison,  considerably  poorer  properties  than  our  present  products. 

Their  higher  contents  of  aromatics  produce  a  higher  radiation  intensity  of  the  flame 
and  this,  in  turn  results  in  a  higher  load  on  the  combustor  walls.  In  future, combustor 
exit  temperatures  might  be  further  increased,  if  possible,  to  improve  the  thermodynamic 
cycle.  This  should  be  done  with  alternative  fuels  in  mind,  the  properties  of  which, 
however,  are  not  exactly  known  yet. 

The  hope  on  metallurgical  advances  bringing  about  better  and  better  materials  for  com¬ 
bustors  may  not  be  realistic,  since  some  important  alloying  elements  are  even  now 
getting  scarce  (e.g.  cobalt  in  combustor  material  C  263).  Therefore,  future  engine 
design  will  have  to  rely  more  on  technology  than  on  materials. 

Since  weapon  systems  are  kept  in  service  increasingly  longer,  engines  which  start  devel¬ 
opment  now  will  have  to  operate  still  in  the  next  century  when  optimum  types  of  fuel 
or  material  may  not  be  available.  This  means  e.g.  for  the  hot  section  of  an  engine  that 
cooling  techniques  will  have  to  be  improved. 

Figure  5  shows  a  rather  old  but  interesting  example  of  turbine  blade  cooling:  The  Heirkel- 
Hirth  109-011  turbojet  engine  nf  1942,  The  designer,  Dr.  v.  Chain,  emphasized  that  no 
nickel  or  other  high-temperature  materials  were  used  anywhere  in  the  engine,  as  such 
materials  were  no  longer  available  in  Germany  at  the  time.  Thus  about  30  %  of  the 
compressor  discharge  air  was  used  for  cooling. 

Future  fuels  with  poorer  properties  will  similarly  call  for  improved  cooling  technology. 
Work  on  methods  to  reduce  the  cooling  air  temperature  will  probably  be  a  step  in  the 
right  direction.  Thermo- coating  might  also  enable  a  cheaper  material  to  be  used  for 
combustors . 

Moreover, we  must  pursue  the  work  on  the  use  of  ceramics  in  the  hot  section  of  the  engine, 
even  though  a  breakthrough  in  this  field  may  not  be  possible  in  the  near  future.  Work 
should  be  directed  towards  static  hot  parts, where  new  concepts  could  create  problems 
for  metals  e.g.  in  an  engine  with  recuperator,  where  combustor  wall  cooling  has  to  be 
achieved  at  cooling  air  temperature  levels  far  above  compressor  discharge  temperature. 

Another  very  important  material  for  aircraft  engines  is  titanium,  a  material  which 
should  perhaps  also  be  regarded  as  being  In  short  supply.  Figure  6  shows  the  upward 
trend  of  the  titanium  price,  using  a  component  of  the  LARkAC  engine  as  an  example.  It 
is  difficult  tc  say  whether  the  price  trend,  seen  by  itself,  is  a  sufficiently  con¬ 
clusive  indicator  of  the  scarcity  of  the  material,  but  the  price  alone  should  be  an 
adequate  incentive  to  intensify  work  on  high  tensile  strength  steels  for  compressor 
rotor  discs. 

In  addition,  manufacturing  techniques  for  titanium  should  be  reviewed.  The  final  titanium 
part  in  an  engine  after  machining  makes  up  only  about  20  %  of  the  raw  material  used, 
while  80  %  are  non-recyclable  scrap.  Since  powder  metallurgy  for  superalloys  is  widely 
used  in  aircraft  engines,  the  application  of  this  technique  also  to  titanium  should  be 
intensified.  The  price  of  titanium  parts  can  be  expected  to  be  reduced  by  up  to  80  %, 
not  to  mention  the  large  energy  savings  by  use  of  the  powder  metallurgy  process. 


LIFE-CYCLE  COSTS 

A  comparison  of  military  technology  of  the  East  and  the  West  indicates  that  the  Soviet 
Union  has  so  ft.''  invariably  stressed  numerical  superiority  and  has,  therefore,  developed 
its  weapon  systems  in  the  shape  of  simple,  rugged  items  and  procured  them  in  large  num¬ 
bers.  In  epite  of  this  philosophy  it  has  achieved  very  good  technological  results  in 
many  fields,  Including  that  of  aero-engine  construction. 

The  West  has  logically  not  attempted  to  compete  in  the  field  of  large  production  num¬ 
bers,  but  has  endeavoured  to  apply  the  most  advanced  technology  to  its  weapon  systems. 
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This  approach  has  provided  high  performance  to  our  airborne  weapon  systems,  but  also 
made  them  sophisticated  and  very  costly. 

This  trend  coincides  unfavourably  with  the  negative  development  of  most  economies  of 
the  Western  nations.  This  development  is  largely  attributable  to  the  explosion  of  the 
oil  prices  and  makes  it  impossible  fox-  the  time  being  to  absorb  substantial  cost 
increases  in  the  defence  budget.-  for  example,  by  high  growth  rates  of  our  gross  nation¬ 
al  product. 

It  follows  that  we  have  to  make  every  effort  to  come  to  grips  with  the  cost  problem  of 
new  weapon  systems  and  to  examine,  at  this  point,  what  share  the  engine  may  contribute 
to  this  endeavour. 

Figaro  7  shows  a  breakdown  of  the  iife-cycle-costs  of  helicopter1  engines.  Engine  def- 
TTiilTon 7  though  its  share  of  costs  is  not  made  visible  separately  in  this  figure,  has 
the  greatest  impact  on  life -cycle  costs  because  about  80  %  of  total  LCC  are  committed 
at  this  early  stage  of  a  program. 

Engine  concept  and  thermodynamic  cycle  have  to  be  selected  in  view  of  the  helicopter's 
mission  and  the  power’  requirements.  Careful  trade-offs  have  to  be  made  between  high 
specific  performance,  sophisticated  design,  lowest  fuel  consumption  on  the  one  hand 
and  simplicity  of  design,  lower  production  and  spare  parts'  prices,  easier  maintenance 
on  the  other. 

Taking  again  an  engine  in  '.lie  750  kw  class  as,  for  example,  fur  the  antitank  h ’licoptex- , 
parametric  studies  showed  that  optimum  turbine  entry  temperature  is  in  the  1400  K  range 
and  px-essure  ratio  about  12.  Any  increase  in  specific  performance  would  lead  only  to  a 
decrease  in  airflow  with  all  problems  of  tolerances  and  clearances  in  a  small  engine 
and  related  loss  of  efficiency. 

In  this  context  Hie  provocative  question  may  be  allowed,  to  what  degree  narrow  design 
tolerances  for  seals,  tip  clearances  etc.  s re  worth  tne  related  production  cost  increase, 
since  in  most  cases  a  part  of  the  performance  gain  is  lost  to  degradation  after1  only 
a  few  running  hours. 

The  aforementioned  values  for  pressure  ratio  (12)  vrd  turbine  entry  temperature 
(approx.  1400  K)  make  it  a  realistic  goal  to  design  fu‘:  r -  helicopter  engines  of  this 
power  class  having  very  few  rotating  parts  and  possibly  a-.,  voled  turbine  blades. 

Figure  8  shows  that  industry  is  working  already  xn  this  direction. 

Two  other  aspects  should  be  mentioned:  The  number  cl  nodulss  tnd  the  design  of  engine 
families . 


The  modular  design  yields  a  number  of  advantages  and  cost  reductions  especially  in  the 
spare  engine  and  maintenance  area.  However,  the  number  of  modules  should  be  limited 
because  every  additional  interface  causes  a  weight  and  cost  increase.  Five  to  six  modu¬ 
les  should  be  enough  for  this  type  of  engine. 


In  viev;  of  the  high  development  and  production  cost  in  relation  to  the  relatively  small 
number  of  military  engines  produced  the  principle  of  designing  an  engine  family  for 
military  and  civil  application  as  well  appears  advisable  to  reduce  the  unit  production 
price . 


The  users  have  become  very  sensitive  to  fuel  consumption.  To  clarify  the  ordei  of  magni¬ 
tude  the  fuel  has  within  LCC  for  a  military  helicopter  a  comparts  ion  with  tne  civil 
helicopter  is  helpful.  The  main  difference  is  in  the  usage  rate  of  3000  hrs/yecr  for 

+  r  o  ritrl  1  onH  Vir*e  /v“nr>  fni*  f.lqp  !5>i  1  i  hf'l  1  . 


Under  the  assumption  that  a  10  %  reduction  in  SFC  to  be  designed  into  an  engine  would 
increase  the  production  price  by  10  %  only,  at  today's  fuel  prices  the  civil  helicopter 
would  break  even  after  2  years.  The  military  helicopter  accumulating  onj y  1/12  of  tne 
civil  flying  hours  per  year  would  need  24  years,  i.e.  it  could  not  break  even  in  the 
20  year  service  life  of  the  system.  It  is  evident,  that  fuel  consumption  of  military 
helicopter  engines  does  not  have  the  same  priority  as  for  turbojets.  This  does  not 
mean,  however,  that  th'.  goal  of  low  SFC  could  be  neglected.  All  measures  to  achieve  low 
SFC  should  still  be  pursued  because  with  fuel  prices  heading  out  of  sight  (figure  9) 
it  will  be  difficult  in  the  future  to  keep  flying  hours  at  a  level  necessary  to  inain- 
tain  proficiency.  Means  to  reduce  SFC  shall,  therefore,  be  discussed. 


FI aure  1 0  shows  the  power  requirements  of  a  helicopter  vs.  I.A.S.  It  can  be  seen,  that 
on  average  total  mission  fuel  will  be  burned  at  a  power  demand  of  about  60  %  of  max. 
take-off  power.  Therefore, fuel  consumption  should  be  reduced  particularly  in  the  partial 
power  range.  This  could  be  achieved  by  different  approaches. 


Component  efficiency 

A  lot  of  research  work  is  going  on  to  increase  efficiencies  of  the  engine's  turbo  ma¬ 
chinery  components  because  of  their  great  influence  on  overall  performance.  However,  from 
the  high  level  of  technology  already  obtained  It  will  be  difficult  to  achieve  large 
improvements  in  this  field.  Cooled  high-pressure  turbines  may  have  some  efficiency  poten¬ 
tial  provided  we  succeed  in  preventing,  at  least  In  part,  the  loss  of  turbine  efficiency 
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caused  by  the  mixing  of  the  cooling  air  into  the  gas  stream.  Other  measures  such  as  the 
decrease  in  the  quantity  of  cooling  air  by  precooling  or  by  limiting  the  amount  of  cool¬ 
ing  air  during  partial  load  operation  may  not  be  reasonably  applied  to  this  size  engine. 


Variable  geometry  components 

In  a  conventional  gas  turbine  engine  the  main  reason  for  the  increase  of  specific  fuel 
consumption  at  partial  load  is  that  it  operates  at  a  lower  pressure  ratio  compared  to 
full  power.  The  goal  of  variable  geometry  turbo  components  is,  therefore,  to  keep  pressure 
ratio  and  turbine  entry  temperature  at  design  point  levels  even  at  the  reduced  part¬ 
load  airflows.  Variable  geometry  in  the  compressor  and  the  power  turbine  are  state  of 
the  art  todav,  however,  these  alone  do  not  yield  significant  improvements.  Flow  varia¬ 
tion  at  the  same  time  by  means  of  a  variable  gas  generator  turbine  appears  difficult 
because  of  its  high  temperature  level. 

In  1978,  the  Aix-La-Chapelle  Technical  University  conducted  a  study  on  behalf  of  tne 
Federal  Ministry  of  Defence  to  determine  what  reduction  in  the  fuel  consumption  for 
partial  load  operation  could  be  accomplished  by  the  use  of  a  two-stage  gas  generator 
turbine  with  a  variable  second  stage.  Using  an  antitank  helicopter  mission  as  a  basis, 
the  study  arrived  at  fuel  savings  of  5.5  %.  In  view  of  this  small  saving  the  expense 
of  designing  variable  geometry  into  all  three  turbocomponents  might  not  be  justified. 


Gas  turbine  engine  with  recuperator 

There  are  two  ways,  in  principle,  of  Integrating  a  recuperator  into  a  turboshaft  engine. 
In  figure  11  the  recuperator  is  installed  in  the  usual  way  downstream  the  power  turbine. 
Figure 12  shows  the  specific  fuel  consumption  of  this  engine  versus  the  pressure  ratio, 
the  turbine  entry  temperature  being  the  parameter.  The  diagram  is  calculated  with  con¬ 
stant  heat-exchange  ratio  of  the  recuperator  and  constant  design  power  level  of  900  kw  . 
In  contrast  to  the  conventional  gas  turbine  engine  without  recuperator  turbine  entry 
temperature  has  a  significant  influence  on  specific  fuel  consumption.  In  addition 
minimum  SFC's  occur  at  considerably  lower  pressure  ratios . 

It  can  be  seen  that  the  turbine  entry  temperature  should  be  kept  on  a  high  level  even 
at  part  power  ratings.  Pressure  ratio  may  decrease  a  little  bit,  assuming  that  the 
exchange  rate  of  the  recuperator  increases  at  the  same  time.  Variation  of  the  thermo¬ 
dynamic  cycle  in  the  engine  is  achieved  by  variable  guide  vanes  in  the  power  turbine 
and  the  related  variable  geometry  in  the  compressor. 

Figure  15  shows  a  different  arrangement  of  the  recuperator .  This  time  it  is  located 
between  the  gas  generator  turbine  and  the  power  turbine  and  is  bypassed  during  full-  and 
emergency  power  through  a  variable  bypass.  Since  this  arrangement  has  not  been  studied 
in  detail  yet,  it  cannot  be  fully  assessed,  whether  it  will  be  possible  to  realize  the 
expected  advantages . 

Advantages  over  the  first  arrangement  could  be: 

large  amount  of  heat  exchangeable  even  at  moderate  turbine  entry  temperatures: 

.•^nler  turbine  cooling, 

volume  recuperator  because  of  higher  pressure  level  of  compressor  discharge  air 
' '  grer  optimum  pressure  ratio)  and  gas  stream  as  well, 

gas  generator  operation  in  the  upper  half  of  part  power  range  at  constant  speed  and 
near  optimum  values  for  pressure  ratio  and  turbine  entry  temperature  which  remain 
almost  constant:  less  cycle  fatigue,  rapid  acceleration, 

emergency  power  without  limitation  by  recuperator, 
no  variable  geometry  necessary  in  turbo  components. 

Dise-lvantages  could  be: 

-  variable  bypass  required:  expensive  and  design  critical  bypass  valve  in  the  hot 
section  between  turbines, 

SFC  reduction  at  part  load  only, 

-  IR-Suppressor  same  size  and  weight  as  for  conventional  engine. 

Only  few  findings  are  available  as  yet  on  helicopter  engines  with  recuperators.  In  1978/ 
1979,  however,  detailed  studies  on  tank  gas  turbines  with  recuperators  were  conducted 
by  KHD  Oberursel  and  MTU  Munich  on  behalf  of  the  Federal  Ministry  of  Defence. 

We  will  have  to  discover  what  findings  from  the  work  on  the  tank  gas  turbine  are  also 
valid  for  helicopter  engines.  For  the  near  future  we  shall  be  unable,  for  budgetary 
reasons,  to  develop  a  completely  novel  helicopter  engine  with  a  recuperator. 

The  regenerative  engine  will  probably  not  be  competitive  on  just  lower  fuel  consumption. 
However,  it  could  have  a  chance  if  it  leads  to  a  lower  weight  of  the  propulsion  system 
and  thus,  considering  the  weight  factor,  to  a  lighter  helicopter. 
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REDUCTION  OF  ACQUISITION  AND  MAINTENANCE  COSTS 


To  reduce  production  costs,  to  which  spare  parts'  prices  are  closely  related,  the  follow¬ 
ing  requirements  have  to  be  implemented,  some  of  which  have  been  incorporated  in  the 
specifications  for  the  Antitank  Helicopter  2: 

-  minimize  number  of  parts  and  modules, 

-  minimize  material  consumption, 

-  use  wherever  possible  materials  that  are  low  in  price  while  making  due  allowance 
for  life-cycle  requirements  and  costs  , 

-  minimize  amount  of  machining, 

-  aim  for  recycling  (as  earlier  discussed  for  titanium), 

-  minimize  amount  of  hardling,  and 

-  minimize  number  of  inspections  during  production. 

Today  still  too  much  machining  is  done  which  makes  for  high  costs  and  causes  a  waste  of 
raw  materials.  Machining  should  be  replaced  by  other  and  cheaper  processes  such  as  cast¬ 
ing,  that  will  also  economise  on  materials.  A  case  in  point  is  a  diffusion-bonded  tur¬ 
bine  rotor  consisting  of  a  hot-isostatic-pressed  MV  1A60  disc  and  a  cast  IN-100  blade 
assembly  (figure  14) . 

Finally,  efforts  should  be  made  to  reduce  the  number  of  inspections  during  production 
which  are  very  time-consuming.  The  manufacture  of  components  in  one  step,  for  instance, 
would  call  for  only  one  final  Inspection  as  compared  with  one  or  more  intermediate 
inspections  required  during  the  machining  process. 


MAINTENANCE 


One  of  the  principal  requirements  to  ensure  cost-effective  operation  of  weapon  systems 
is  their  ease  of  maintenance.  This  requirement  caused  the  modular  design  technique  and 
the  "on-condition"  maintenance,  whereby  engine  components  are  replaced  according  to 
the  real  life  time  consumed. 

Assemblies  must  be  easily  accessible  and  simple  to  separate.  (For  example  the  change  of 
the  flame  tube  without  disassembly  of  the  turbine).  Maximum  use  should  be  made  of  qulck- 
disconnect  couplings  (clamping  bands)  instead  of  bolted  joints,  a  method  that  also 
could  be  used  to  fasten  accessory  as  shown  in  figure  15.  Efforts  should  be  made  to  sim¬ 
plify  the  replacement  of  modules" or  assemblies.  It  would  be  desirable  if  a  description 
on  the  equipment  Itself  would  suffice  to  replace  it,  thus  reducing  or  not  requiring  at 
all  the  use  of  manuals  or  specially  trained  technicians. 

The  above  mentioned  easy  replacement  of  modules  and  accessories  by  design  should  lead 
in  turn  to: 

-  minimum  number  of  standard  tools  required  for  infield  service, 

-  less  voluminous  handbooks, 

less  training  for  maintenance  personnel, 

-  less  maintenance  manhours  per  flight  hour  (MMH/FH) . 

As  a  last  point  the  use  of  a  digital  control  unit  shall  be  emphasised.  Besides  a  better 
control  of  the  engine  by  more  and  quicker  registration  and  conversion  of  the  environ¬ 
mental  parameters  to  corresponding  engine  setting  ana  hence  more  eificient  use  of  the 
engine's  potential,  the  digital  control  unit  could  also  be  used  as  part  of  a  maintenance 
recorder,  a  necessary  device  for  on-condition  maintenance.  As  the  control  unit  registers 
already  some  engine  parameters  as  RPM,  TET ,  etc,  the  free  computer  capacity  could  be 
used  to  calculate  the  component  life  actually  expended  and  give  a  warning  in  case  of 
failure  or  before  design  life  is  fully  consumed. 

The  use  of  a  digital  fuel  control  unit  (DCU)  makes  it  advisable  to  separate  it  from  the 
engine,  as  engine  bay  temperatures  of  about  250°C  and  high  vibration  levels  may  cause 
a  malfunction  of  the  electronics. 

The  future  DCU  will  not  be  a  part  of  the  engine  anymore.  Engine-  and  module  changes 
should  be  possible  then  without  changing  the  control  unit.  In  this  case  self-adjusting 
fuel  control  units  are  needed  to  avoid  time  -  consuming  and  costly  test  runs  for  adjust¬ 
ment.  Use  of  DCU  places  a  new  requirement  on  the  engine/fuel  control  designer.  That  is 
to  harden  the  electronics  against  the  electromagnetic  pulse  of  nuclear  weapons  (EMP). 
All  advantages  of  the  electronic  fuel  control  would  be  reversed  to  the  contrary  if  the 
vulnerability  of  the  system  would  be  increased. 
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CONCLUSIONS 


It  appears  logical,  that  in  view  of  changing  economic  parameters  worldwide,  future 
helicopter  engines  should  be  developed  along  the  lines  of 

-  non  sophisticated  concepts, 

cautious  cycle  selection  in  view  of  small  engine  size, 

-  development  risk  to  be  reduced  by  technology  programs, 
simplicity  of  design,  with  fewer  parts  and  modules, 

-  most  economic  manufacturing  processes  to  achieve  low  production  costs,  low  spare 
parts'  prices, 

-  high  reliability  i.e.  more  early  testing  when  discovery  of  problems  is  less  costly, 

-  good  maintainability. 

Advanced  technology  should  be  applied  on  the  next  generation  engines  to  improve  LCC 
instead  of  achieving  pure  performance.  Thus  not  the  performance  related  technological 
limits  or  properties  appear  to  require  improvement  in  the  first  place  but  their  cost 
driving  factors  which  will  decide  whether  we  can  afford  military  systems  in  the  future. 
The  question  will  inevitably  arise  of  how  the  certainly  larger  front  end  investment 
on  better  engine  design,  development  and  more  thoroug  testing  to  get  all  those  prop¬ 
erties  into  an  engine  shall  be  paid  for.  For  the  time  being,  the  answer  should  be: 
more  international  cooperation. 
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ENGINE -RELATED  INCIDENTS 

ENGINE  FLIGHT  HOURS 

190.400 

NUMBER  OF  INCIDENTS 

97 

UNEXP  ENGINE  REMOVALS 

32 

FOREIGN  OBJECT  DAMAGES 

24 

ENG.  COMPONENT  FAILURES 

15 

ACCESSORY  FAILURES 

10 

OTHER  EVENTS 

(CHIP  WARNING,  «tc  ) 

50 

Table  1  Evaluation  of  Engine-Related 
Incidents 


Fig ■  1  Types  of  Covers 


Fig.  2  Distribution  of  Flight  Situations 
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DISCUSSION 


H.Saravanmutto,  Ca 

Coidd  you  comment  on  the  recuperated  configuration  where  the  heat  exchanger  is  located  between  the  gas  generator 
and  pou  sr  turbine?  Concern  is  that  temperature  level  at  this  point  would  be  much  higher  than  that  previously  used. 

Author’s  Repiy 

This  con  figuration  in.s  been  examined  from  first  considerations  only.  A  study  is  being  initiated  that  will  further 
define  its  potential. 
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Engine  Component  Technology  (5  papers);  Drive  Train  Component  Technology  (4  papers): 
Inlets  and  Particle  Separators  (2  papers);  Engine-Airframe  Dynamic  Compatibility  (4  papers); 
Future  Advances  and  New  Requirements  (3  papers),  and  a  keynote  paper  was  delivered  at  the 
beginning  of  the  meeting. 

The  aim  of  the  meeting  was  to  highlight  progress  in  propulsion  systems  for  rotary  wing  aircraft 
and  to  provide  a  forecast  of  technological  developments  for  future  applications.  A  large  share 
of  the  development  effort  was  still  based  on  reaction  to  the  operational  environment  of 
Fielded  units.  As  such,  development  activity  had  produced  many  lessons  that  now  can  be 
applied  early  in  the  design  process  to  achieve  improved  future  solutions. 


AGARD  Conference  Proceedings  No,  3(>2  AGARD-CP-302  AGARD  Conference  Proceedings  No.  302  AGARD-CP-302 

Advisory  Group  for  Aerospace  Research  and  Advisory  Group  for  Aerospace  Research  and 

Development,  NATO  Development,  NATO 


V  ?}c-  ';"V| 


Co  g  O  Cl.  g 

•£>«  -I  a  8 

L*  C  c  • 4-*  •“  ■  ■*-*  C  . 

| !  I  a  I  <£  1 1  £  1 5 

q,  v  w.  jD  t-  r~  43  .r  4-*  *-• 


.  £ 

</l  d 

s  C  a  £ 

.£  -a  8  £ 

^  «  T,  c 


C  C  *- 

■§  p  3 


«  n  u 

-E  w  8 

X)  c  -2 

^  5J 
J  M  f- 


8  a.  ^  %  C  c 

?S5^5SS 

IlUvlHOH 


T!  ^  t/>  3) 

«  s  ^  c 

jz  .  t  w  m  4> 


£  £  o  « 

.2  £  £  o  .£ 

2  2  t  .2  o  ’S3  tt  t  2 
S  "S  £  c  Si:  £<£.£ 

wOt/;vj«3iv  trtW 

«  u  T  cd  ‘C  -2  ^  v  iu 


u  «  £  3  W  u 

liaShOh 


^2« 
■i  o  V  S 

Q  J5  J= 


•  Si  CO 
♦-  41 
u  3  k 

o  <y  *> 
a.  w  a 


(V  .  P< 
c/>  ^ 

■  C  M-g 

2  -S  « 

^  *o  v 

CTJ  0J 

3  <D  S 
r=  JJ  O 

[fl  £  .o 


o'  .  & 

r~ 

C  2P -5 


O  .3  n: 

*a  flj 
re  4< 

3  4>  > 

«  g  5 
rS  ,fc  .° 


«J  43  £ 

O  =  5* 
•-■73  O 


g.s 

a>  5 

a:  £, 

U1  u 
H  c n 
a.  -a  vi 

o  1  a 
y  :§  £ 
y  .o  °0 

“j  3  OC 


•  C  *—  V5 

0  0  3 


;  h  m,2 
n>  .E  xj 

■  ■C  E  43 

I  H  L.  X! 

.  5c 

_  (U  ^ 

,  oo  -o  ® 
:  »  «  IS 

L«  ~  1 

I  ^5  re  «5 


OO  00 
>  ^  2^ 

Oo-  u 
O  43 

>  <  5“  E 

>  Z  <u 

5  ~  £  ft 

C  LU  4» 

f—  C/) 

2  1.0  |  E 

*  -S  y  I  £ 

i  >  rH  -d  qo 

ic  =  £“i 


i  C  s 

<->0  3 
,<u  o 
H  oc  .2 

43  £  "O 

j=:  c  w 
Hex: 


> 00  *°  s 

:£  <u  g 

>  -C  £ 


*  ~  r 

e*  CTJ  03 


E  ^  I-. 

w  52  2  Co 

£  0  8  |  g.  S  a  g- 

*a>  ts  J  £  8  ^  ^  ^8 

«”S5;soS»^« 

fc-  C  c  «  u.  ^  '5  C.X-1- 

g  35  g  »«  '  g  8  i  g£ 

P  ^  3  .T  O  5  3  ...  »■  ^ 


!g.2e.|t£|:Sg^s» 

icOvu-Oh  o££ 


lie. 

si  II 

<«  c  o  i: 


«>  r  i2  g 

.>  a>  a3 

5  £  £ 


K 


a;  ■  a 
:  c  ^-g 
o  .£  S 

*;  -o  «j 
re  43 

;  3  o  ? 

| 

w  £  a 


3  £  S 


:  J  *  f 

V  o  3 
H  wj  .2 
v  .£  *0 
jC  C  4> 

H  e  us 

.  ar 


Jr  *o 
u  -C 

H  trt  . 


;2  «.  S 

x;  g 

'  *  ~  I 


i  ^  re  re 


8 

D 

3^  g 

m  -fc 

■  P  UJ 

zl  « 

a  o  £ 

=3  <  § 

4>  —  r 

h  as 

Pc  •*“  - 

«  go 
S  §'<£• 

£  oz1 
>K  t  -  cc 
g  °  S  id 

5 

O  &  5.0 
ex:  o  o  o  ■ 
<  c  Pj- 

O-ofiw- 
<£  <  Q  X  1 


e  s 

43  — 

c  ^r 
o  — 

T3 

43 

•a 

c 

in 

c 

re* 

£  E? 

43 

C 

lv>  1 
’£ 

o,  ~ 
2  c 

73 

3 

u 

.£ 

re 

c 

.2 

o 

a 

8^ 

™  UJ 

£  ° 

-2 

to 

'T 

43  '2 

»-  ai 

43  (J 

i: 

43 

E 

ui 

o 

JZ  c 
■w  re 

Ov  2 

o 

CL, 

O 

93 

(X 

r 

•  «  »  5- 

'  g  « t- 

O  .h  M 
1  VG  *0  4J 

|  n  m  -, 

3  «.»  > 

1  2  g  £ 

:  :S  £  £ 


t~  M  ,S2 
43  .E 
^  C  Q3 

H  5  r 
.  ’w< 


»•  u  <2 
-  £  s 
s 


|| 


Helicopter  Propulsion  Surveys  {3  papers);  Engine  Component  Technology  (5  papers);  jj  Helicopter  Propulsion  Surveys  (3  papers);  Engine  Component  Technology  (5  papers); 


g  ns 

l-g-a 

9,  <-S 

j,  §1 

a.  x.  £ 

■g  Jj  a 
^  S 

r *  w 


«  I| 
£  >■ 


&•§■§ 
o  fc 

'oSx 

E  >•  £ 

1°  §■ 
h  ;  5 


E  S3  ®P 
o  o  .t 

■S  c  c 

™  £  S 

^3  S' 

w  <  •£ 
3 

o  ■*— 1  - 

3  cd 

a-  -  K 

KO) 

^  <U  3 
£  Cl  n 
-cj 
O,  . 

a 

^  S-  ^ 


C  ?2  73 

.=  C  c 
S  .2  .2 

C  3  2 

2  a  1 

o  s*  £■ 

Kao 

1-.  03  D 

£  8  £ 
“SO 

E  a  " 


c  —  S 

,2SS 

•q  £  c 


.5  -6  •“ 

a  1  s  ■ 

S'B* 

a- 

kg  a_ 

II! 

x  <*  «> 
oo  O  w  - 
X  +-  c 

3  1  E  . 
8  §  o' 

S  u 

m  «  i  • 
£  a>  -a  . 
x  x) 

4>  *r;  «> 

«5£i 


‘“r  “a  w 
Ocx 

rt  »» 


<n  n  S? 
«  b  « 


«  &  8 

;  g  8  3 

1  2  x.  ^ 
i  5?  <u  <u 

E  O.  O  > 

L  O  3  o 

let 

-  -a  " 

CJ  £ 
C*  rm  O) 

.2  -f  2 

71  ^  ° 
a>  .•£  o 

ka  M 

<=a'A 
°  -  8 
use 

8  E  °- 


“  «  -a 

S3  « 

t  2-E 

£  3  >. 
“  <  3 
|  -U 

E  «  = 
a  ■-  o. 

5  §  & 


^  c 

^  rt 
^ 

•  'tr  & 

O  o  O 

e  -  c 

S3  c  " 

^  «  2  . 
w  E  £  g 

0>  3  f/j  — . 

e?  a  s  •£ 


l.t 

i  e  “  D 

<  O  £  E 
&  1>  c 
i  CTJ  2  (U 

1  CL  *■  X 

-a  «-» 

I  cm  c  «- 
I  W  CTJ  O 


j.?  I 

i  i  ! 

‘  W  &  g 
!  ..  w  -x 
~  QK  w 

■  e  *  « 

•  t>  >  3 
an1" 

!  a  ^  x 
-  *a  +- 
;  cm  e  «*- 

)  w  n  O 


.n  <_  «>  •»  £ 

_u>  o  „  <  S 

"  £  -a 

2  8  E2a 

8  g  &!  & 

rt  V  ft 

c  a>  -a  w  •“ 
‘^j*o  xj  c 
a>  ‘Z  S>  o  c3 

"  S  £  G  3 

^  a--  ».  Z 
2  o  °  o  o 

XV  *— 

-*-»  (U  ^ 

k-t  _  ■  ■ 

V-  C  *z" 

o  c  .c  "  ^ 

E  «  “>  E  £ 

H  <U  C  v] 

«  «  »  g  C  ■ 

a>  o  2  >  S 

f  9  <  5  Ji 

.1  g  g  t  | 

>.2,S  [  ^ 

Cj  o  E  -a 
2  —  S  <u  S 


|  e  t 

“TJ  S 

c  S  i 

■S  f  2 

r;  >*  o 
2  .3;  « 
o  o 


♦-  u 
•a  c  o 

fll  <1  >  l_a 

«  E  a 

X  CL  C 

-  O  .2? 

C  T  Vi 

S  £  u 

w  i  -o 

g  -o  o 

C-; 

■E  S  -S 

£  3  >. 

"  <  !3 

i  .  u 

E 

a-«  a 

o  §  a 
«  3 
>  -T-]  <U 

^  C  x 
Sc 

^  U  B 


2  g  2  . 

71  E  «  2 

^  l/i  O 

E?  o  c  .2 
«  i  O  3 

~  c  8  - 

<  S  s  S 


ISBN  92-835-0299-X  ISBN  92-835-0299-X 


